Failure Analysis and Thermochemical Surface Engineering of Bearings in the Wind Turbine Drivetrain by West, Ole H.E.
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
   
 
Downloaded from orbit.dtu.dk on: Dec 20, 2017
Failure Analysis and Thermochemical Surface Engineering of Bearings in the Wind
Turbine Drivetrain
West, Ole; Somers, Marcel A. J.; Dahl, Kristian Vinter; Christiansen, Thomas Lundin
Publication date:
2014
Document Version
Publisher's PDF, also known as Version of record
Link back to DTU Orbit
Citation (APA):
West, O. H. E., Somers, M. A. J., Dahl, K. V., & Christiansen, T. L. (2014). Failure Analysis and Thermochemical
Surface Engineering of Bearings in the Wind Turbine Drivetrain. Technical University of Denmark. Department of
Mechanical Engineering.
P
hD
 T
he
si
s
Failure Analysis and Thermochemical
Surface Engineering of Bearings in the
Wind Turbine Drivetrain
Ole H. E. West
October 2014
 
 Technical University of Denmark 
Department of Mechanical Engineering 
Materials and Surface Engineering 
 
 
Failure Analysis and Thermochemical 
Surface Engineering of Bearings in the 
Wind Turbine Drivetrain 
 
Ph.D.Thesis by 
Ole H. E. West 
 
 
October 2014 
 
 
Supervisors:  
Marcel A. J. Somers, DTU Mechanical Engineering 
Kristian Vinter Dahl, DTU Mechanical Engineering 
Thomas Lundin Christiansen, DTU Mechanical Engineering 
 
 
 

Preface
iii 
Preface 
The present thesis is submitted in candidacy for a Ph.D. degree from the Technical University of 
Denmark (DTU). The work presented in this thesis was carried out during the period September 
2011 to October 2014 at the Department of Mechanical Engineering, under the supervision by 
Professor Marcel A. J. Somers, Senior Researcher Kristian Vinter Dahl and Senior Researcher 
Thomas Lundin Christiansen. The project was part of the Strategic Research Center "REWIND - 
Knowledge based engineering for improved reliability of critical wind turbine components", 
financially supported by the Danish Research Council for Strategic Research under grant no. 10-
093966. 
 
 
Kgs. Lyngby, October 2014 
 
 
 
Ole H. E. West 
  
Abstract
 
iv 
Abstract 
A critical premature failure mode of rolling element bearings inside the wind turbine drivetrain is 
associated with the formation of so called white etching cracks (WECs). So far there is no 
consensus on the root cause of WEC failure and the exact influence of different drivers and their 
combinations is not well understood.  
Various types of failed rolling element bearings from different positions inside the wind turbine 
drivetrain were investigated. Both conventional techniques as reflected light microscopy (RLM), 
scanning (SEM) and transmission (TEM) electron microscopy as well as electron backscatter 
diffraction (EBSD) and ion channelling contrast imaging (ICCI) were used. The gap between RLM 
and SEM (providing a good overview over the crack morphology) and TEM (providing very 
detailed information but from a very limited part of the sample) could be covered by the use of 
EBSD and ICCI. Different occurrences of WEC failure were observed and a detailed 
characterization of the crack morphology and morphology of white etching areas (WEAs) 
bordering the cracks was possible, allowing assumptions on WEC formation and propagation.  
In addition a RCF testing method was developed using hydrogen charged rollers to reproduce 
WEC formation. The influence of different hoop stress levels was studied. The fracture surfaces 
as well as formed WECs were investigated. A detrimental effect of higher hoop stress levels on 
roller lifetime was found and based on the analysis of the formed WECs an incremental increase 
of WEA formation with each cycle was suggested. By X-ray diffraction stress analysis the non-
uniform build-up of compressive stresses under testing was identified. 
Deep nitriding is considered as a potential remedy against WEC failure. Therefore nitriding 
experiments were conducted to study the influence of different alloying concepts, prior heat 
treatments and nitriding parameters on the case properties. With optimum nitriding conditions a 
maximum nitriding depth of 800 µm was achieved, without formation of a thick porous compound 
layer. The build-up of near surface compressive stresses was confirmed by synchrotron X–ray 
diffraction stress analysis. The performance of surface engineered rollers was evaluated by RCF 
testing under conditions that are known to provoke failure in rollers made from a standard bearing 
steel. One of the nitrided materials showed promising results. 
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Resumé 
En kritisk tidlig skadestype som fremtræder i rullelejer i vindmøllers gearsystem er forbundet med 
dannelsen af såkaldte ”white etching cracks” (WECs). Indtil videre er der ingen enighed om 
årsagen til dannelsen af WECs og heller ingen enighed om, hvilke faktorer eller hvilken 
kombination af faktorer, der har indflydelse på dannelsen. 
Forskellige lejetyper fra forskellige vindmøller og fra forskellige positioner i gearsystemerne er 
blevet undersøgt. Både konventionelle tekniker såsom lysoptisk mikroskopi (RLM), skanning-
elektronmikroskopi (SEM) og transmissions-elektronmikroskopi (TEM) samt ”electron 
backscatter diffraction” (EBSD) og ”ion channelling contrast imaging” (ICCI) er blevet anvendt. 
RLM og SEM giver et godt overblik over revne-morfologi mens TEM giver meget detaljeret 
information, men fra en meget begrænset del af emnet. Til karakterisering på en størrelses-skala 
imellem disse to yderligheder kunne EBSD og ICCI anvendes. Forskellige forekomster af WEC 
skaden blev observeret og en detaljeret karakterisering af revnens morfologi og morfologien af 
”white etching areas” (WEAs) blev udført, hvilket tillod opstilling af hypoteser om WEC dannelse 
og udbredelse. 
Der ud over blev en test metode udviklet, hvor der blev anvendt ruller ladet med brint for at 
reproducere WEC dannelse ved udmattelse som følge af rullekontakt (RCF). Brudflader og dannet 
WECs blev undersøgt. Indflydelse af forskellige ringspændinger blev også undersøgt. En skadeligt 
virkning af høje ringspændinger blev fundet og baseret på analysen af dannet WECs blev en trinvis 
vækst af ”white etching area” (WEA) forslået. Opbygning af trykspændinger under RCF test blev 
bekræftet med spændingsanalyse ved hjælp af røntgen diffraktion.  
Dybdenitrering kan være et middel til at forhindre WEC skader. Derfor udførtes eksperimenter 
med nitrering for at studere indflydelsen af forskellige legeringskoncepter, 
varmebehandlingstilstand samt nitreringsparametre på egenskaberne af materialets ydre lag. Med 
optimale nitrerings parametre var det muligt at opnå en nitreringsdybe på 800 µm uden dannelse 
af et tykt, porøst forbindelses lag. Opbygning af trykspændinger ved overfladen blev bekræftet af 
spændingsanalyse ved hjælp af synkrotron røntgen diffraktion. Opførslen af de 
overfladebehandlede ruller blev vurderet ved RCF tests under betingelser, som er kendt for at 
fremprovokere WEC skader i et standard lejestål. Et af de overfladebehandlede materialer viste 
lovende resultater.  
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Guidelines for the reader 
This text starts with an introduction (Chapter 1) where the motivation and background of this study 
is illustrated and an overview over the conducted work is given. 
Chapter 2 gives an overview over the state of the art of bearing technology and failure mechanisms 
in general; especially premature failure in wind turbine bearings. Furthermore it provides the 
reader with necessary theoretical background knowledge on applied surface engineering and 
characterization techniques, i.e. deep nitriding and X-ray diffraction stress analysis. 
In Chapter 3 all information on the applied experimental procedures is given.  
The achieved results are presented in Chapter 4. It starts with section 4.1 where the results of 
failure analysis of field components are presented. Section 4.2 presents the results of rolling 
contact fatigue testing on standard bearing steel to reproduce the investigated failure mode. The 
results of thermochemical surface engineering are presented in section 4.3, including nitriding 
experiments as well as rolling contact fatigue testing of surface engineered rollers. Although the 
results of the X-ray diffraction stress analysis are connected to section 4.2 and 4.3 it was decided 
to present them together in the separate section 4.4. In each section the achieved results are 
discussed. 
Chapter 5 summarizes the results obtained in this work. 
Finally, in Chapter 6 the results are discussed in a general context and an outlook on future work 
in the field is presented. 
All results are presented and discussed in the main text of this work. The already published papers 
(publications 1-3 in the list of publications) are not part of this thesis, but are attached in the 
appendices as a supplement.  
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1 Introduction 
Renewable energy has moved into the focus of energy production worldwide. The primary driver 
for this development is the need to reduce emissions and especially to reduce the carbon footprint. 
Furthermore, while the world’s energy demand is growing, an increased independence from 
(imported) fossil fuels is needed. Wind power will play an important role to meet the goals of the 
future renewable energy mix. For instance, according to the energy policy report of the Danish 
Ministry of Climate, Energy and Building 50 % of the electricity consumption in Denmark will be 
covered by wind power in 2020 [1]. Globally the total installation will nearly double from just 
above 300 GW in 2013 to about 600 GW in 2018 according to the forecast of the Global Wind 
Energy Council [2].  
The costs for operation and maintenance (O&M) are significantly influencing the price per kWh 
and therefore the competitiveness of wind energy on the global market [3]. For instance just below 
20% of the price is attributed to O&M costs in the US, approximately double the contribution of 
O&M for natural gas energy production [4]. In order to meet the ambitious goals, the capacity of 
offshore wind power will increase significantly in the coming years. Offshore wind parks have the 
advantage of more frequent and constant wind at higher average wind speed. However, offshore 
placement of wind turbines results in even higher maintenance and service costs because the 
installations are difficult and costly to access. In order to lower these costs a better fundamental 
understanding of the degradation mechanisms in wind turbine components is needed to either 
eliminate them or incorporate them into life time models. Life time models will enable prediction 
of the remaining lifetime of components and will be an important tool to plan service intervals to 
minimize the risk of downtime. 
Large metallic components inside the drivetrain of a wind turbine are exposed to highly dynamic 
loads that can for instance originate from a turbulent wind field, the rotor, the drivetrain itself or 
the generator. This can lead to premature failure of these components. The replacement of these 
large components leads to high economic maintenance costs, as expensive equipment is needed 
and long downtime can occur [3]. An important and critical failure mode that has come into focus 
in recent years is the premature failure of rolling element bearings at different positions in the 
drivetrain, i.e. the main shaft, gearbox and generator, associated with the formation of so called 
white etching cracks (WECs). The cracks are bordered by regions that appear white in reflected 
light microscopy (RLM) of nital etched samples, indicating that these regions are inert to the nital 
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etchant; hence the name white etching cracks. Although the bearings are designed for a lifetime of 
up to 20 years, WEC failure occurs much earlier, at 1-20% of the nominal L10 life (10% failure 
rate of bearings) and classical rolling contact fatigue (RCF) is often ruled out as the cause [4]–[6]. 
The cause could either be found in an entirely new failure mechanism or in factors accelerating 
the classical RCF mechanism. 
Premature failure associated with WECs is not only observed in wind turbine bearings, but also in 
other heavy load applications and the automotive industry [4], [6]–[16]. The root cause hypotheses 
of WEC failure that so far have been put forward, can be subdivided into those that point at a 
complicated stress state resulting in local overload [5, 6] and those that consider the presence of 
hydrogen as a necessary contributing factor [3, 7, 8, 9]. However the formation mechanism of 
WECs is not well understood and there is no agreement on a predominant root cause. Although 
several remedies are suggested and used in industry the exact mechanisms hindering WEC 
formation are also not comprehended completely. 
In the present work failure analysis of wind turbine field components was carried out. Two case 
studies, one on a ball bearing from a high speed shaft and on a pair of tapered roller bearings from 
a gearbox were conducted. In addition, selected representative bearing components from different 
positions inside the drivetrain were investigated. Both conventional techniques as reflected light 
microscopy (RLM) and scanning and transmission electron microscopy (SEM and TEM) as well 
as electron backscatter diffraction (EBSD) and ion channelling contrast imaging (ICCI) were 
applied. By the complementary use of these techniques both the overall crack morphology and 
fine details, with special attention given to the morphology of the white etching areas bordering 
the crack, were investigated to obtain information on the formation mechanism of WECs.  
The failed field components were already in a progressed state of failure. To get a better picture 
of early stages of the formation of WECs, it was attempted to reproduce the formation of WECs 
by rolling contact fatigue (RCF) testing. RCF testing was conducted under load conditions similar 
to those inside the wind turbine. Hydrogen charging of the rollers prior to the testing was conducted 
to promote WEC formation. Furthermore the influence of different hoop stress levels on the 
formation of WECs was investigated. In rolling element bearings inside the wind turbine drivetrain 
tensile hoop stresses are present when the inner rings are mounted by interference fit on the shaft. 
Higher tensile hoop stresses can have a detrimental effect on fatigue life. The microstructure and 
fracture surfaces of the tested rollers were investigated by means of RLM and SEM. In addition, 
information on the stressing of the material during testing can help to understand the failure 
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mechanism. Thus, the residual stress state of the tested rollers was investigated by non-destructive 
stress analysis by X-ray diffraction. 
In addition to the failure analysis of field components and tested rollers, thermochemical surface 
engineering, in particular deep nitriding, was evaluated as a potential remedy against WEC failure. 
Deep nitriding offers not only good resistance to surface damage and improved wear properties, 
but also allows a tailored residual stress state in the sub-surface area. Furthermore hydrogen 
penetration could potentially be hindered by decreased permeability at the surface and the 
avoidance of fresh metal surface formation. These properties are known to hinder WEC formation, 
however deep nitrided bearing components have not found application in the wind turbine 
drivetrain yet and nitriding under conditions that lead to the specific desired material properties is 
not a trivial task. 
Initial experiments were conducted in a thermobalance and used to get a first estimate of the time, 
temperature and nitrogen potential necessary to achieve a case with the desired properties, i.e. a 
deep diffusion zone, no formation of a thick and/or porous compound layer and a shallow decrease 
in the diffusion zone hardness profile. Furthermore, the influence of different prior heat treatments, 
in particular martensitic and bainitic hardening was investigated. Upscale experiments were 
conducted in a semi-industrial furnace with samples made from four different commercial nitriding 
steel grades with different alloying element compositions. The response to treatments and the 
suitability of the different steel grades were evaluated by RLM and microhardness and chemical 
composition versus depth profiling. Special attention was given to the formation of grain boundary 
carbides/nitrides that are suspected to act as crack initiation sites due to their brittle character. Two 
different approaches were studied to prevent grain-boundary carbide/nitride formation by carbon 
removal from the case: oxynitriding (oxygen added to the nitriding atmosphere) and prior heat 
treatment in a reducing atmosphere. 
Based on the results of the nitriding experiments two of the steel grades were chosen for rolling 
contact fatigue testing on a two-roller tribometer to compare their performance to standard through 
hardened bearing steel. Rollers were nitrided under the conditions determined in the nitriding 
experiments and non-destructive synchrotron X-ray diffraction stress analysis in energy-dispersive 
diffraction mode was applied in both axial and hoop direction to investigate the build-up and stress 
distribution of compressive residual stresses due to nitriding. The rollers were then tested under 
conditions that are known to provoke WEC formation in standard 100Cr6 through hardened steel 
[17].  
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2 State of the art 
2.1 Bearing technology and failure 
2.1.1 Rolling element bearing steels and treatments 
The properties that are important for a steel to qualify as a rolling element bearing material are 
mainly hardenability, fatigue strength and wear resistance. In addition the steel should have a good 
machinability. The largest share in the production of bearing steels can be categorized as through 
hardened steels. They are classified as hypereutectoid and contain over 0.8 wt% of carbon and less 
than 5 wt% of alloying elements. The best known steel grade is the DIN 100Cr6 (AISI/SAE 52100, 
JIS SUJ2) steel, that was introduced over 100 years ago and is still widely used. This is also the 
steel grade most often investigated in research in relation to rolling contact fatigue. For larger 
components modifications to the basic chemistry considering silicon, manganese and molybdenum 
are used, as they decrease the critical cooling rate and thereby improve the through hardening 
properties. The hardness and microstructure is of course not only dependent on the chemistry of 
the steel but to a large extent also on the chosen heat treatment, e.g. martensitic or bainitic 
hardening or different tempering time and temperature that can lead to different carbide 
precipitation behaviour and different amounts of retained austenite. Typical hardness ranges are 
63-67 HRC (Rockwell hardness C scale) for martensitic hardened components (in “as-quenched” 
condition, before tempering) and 57-62 HRC for bainitic hardened components [18]. Martensitic 
hardened components require subsequent tempering while bainitic hardened components do not. 
To make an appropriate choice from the wide selection of through hardened steel grades the 
producer has to consider size, geometry, dimensional characteristics, special application 
requirements, the manufacturing process as well as costs. [18], [19] 
In addition to through hardened steel grades carburizing steels, like SAE 8620 (DIN 20NiCrMo2), 
have been introduced, especially for tapered roller bearings. They are characterised by a 
hypoeutectoid composition (under 0.8 wt% carbon) and are alloyed with nickel, chromium, 
molybdenum and manganese to improve hardenability. During carburizing the carbon content in 
the surface layer is increased to 0.6-1.1 wt%, to achieve comparable surface hardness to through 
hardened steels. A common minimum surface hardness for carburizing steels in bearing 
applications (as for through hardened steel grades) is 58 HRC and the core hardness typically 
ranges between 25 and 45 HRC [19]. Some demanding applications require special steels like high 
speed steels and stainless steels to resist high temperatures and/or corrosion. [18], [19] 
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In general, steel cleanliness is of high importance as non-metallic inclusions act as stress raisers, 
lead to local plastic deformation and act as sites for crack nucleation. Hard and brittle inclusions 
(e.g. Aluminates and silicates) are more detrimental than soft inclusions (e.g. sulphides). High 
steel cleanliness is achieved by choosing a suitable raw material and using special processes such 
as vacuum degassing. [18], [20] 
2.1.2 Rolling element bearing failure 
In general, bearings can fail by several causes. The major factors causing the failure of a bearing 
can be summarized to incorrect fitting, excessive preloading during installation, unsuitable or 
insufficient lubrication, overloading, impact loading, vibration, excessive operating and/or 
environmental temperature, contamination and stray electric currents. This can result in several 
effects such as flaking or pitting (fatigue), cracks or fractures, rotational creep, smearing, wear, 
softening, indentation, fluting and corrosion. Often, not only one is active but simultaneous 
appearance of the different mechanisms is possible. The frequency of different failure modes is 
displayed in Figure 2-1. Most failures are caused by a bearing operation that is outside of the 
recommended practice, but the lifetime of a rolling element bearing is limited in general and a 
bearing will unavoidably fail due to fatigue, wear or corrosion [21], [22].  
 
Figure 2-1. Frequency of the occurrence of different failure modes in rolling element bearings, based on returns 
of failed bearings to manufacturers [22]. 
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2.1.3 Rolling contact fatigue (RCF) 
It has been reported that if a rolling element bearing is properly loaded, lubricated, installed and 
operated the dominant failure mode is material fatigue [23]. The common standard for calculating 
the lifetime of a bearing (ISO 281) is based on the fatigue life theory established by Lundberg and 
Palmgren [24] and can be used for the majority of rolling element bearing applications. 
In general contact fatigue can be defined as the cracking of a surface that is subjected to alternating 
Hertzian contact stresses that are produced under a combination of rolling and sliding loading 
conditions. If rolling is the dominant loading condition and frictional forces are small it is called 
rolling contact fatigue (RCF). In rolling element bearings high concentrated loads are repeated for 
a high number of revolutions and the rolling element bearings are therefore exposed to RCF. [19], 
[21] 
Stresses in bearing contacts are governed by the Hertzian theory [25], that describes the stress 
distribution for the contact of solid elastic bodies as well as the shape of the contact surface. 
Although the macroscopic loading of the element may not be critical, the locally induced stress at 
the surface contact is much higher due to the very small area of contact between the mating parts. 
In general, when the cyclic stress exceeds the material endurance strength, fatigue cracking will 
occur and the crack will propagate until a relatively large spall will fall of the raceway surface. 
The material degradation can be described as a three phase process [26], illustrated in Figure 2-2:  
Stage I (Shakedown):  
Starting from the first loading cycle the material is work hardened, deformed micro-plastically and 
residual stresses are building up until the material response changes to elastic. 
Stage II (Steady-state elastic response):  
When the entire load exposed volume is affected as described under stage I, further deformation 
is difficult and the material response enters an elastic steady state. No further significant 
microstructural changes occur. In endurance tests conducted by Voskamp [26] with a deep grove 
ball bearing made of SAE 52100 steel (containing around 15% retained austenite) the occurrence 
of stage II was observed to start at 103 and last until 105-109 revolutions. 
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Stage III (Instability):  
When the microstructure formed in stage I gradually loses the ability to respond elastically, the 
material response will enter an instable stage after a certain number of revolutions. Stage III is 
characterized by plastic micro deformation, softening of the material, microstructural alterations 
(in particular phase transformations, build-up of residual stresses and texture formation) and 
therefore an increasing probability of fatigue spalling. 
 
Figure 2-2. Three stage process of RCF, according to [26]. 
Eventually at stress raisers, cracks can initiate at the surface or subsurface. Therefore distinction 
is made between surface and subsurface initiated RCF. Surface initiated fatigue is promoted by 
surface irregularities such as dents or scratches. The probability of surface initiated RCF in a 
properly manufactured and operated bearing is very low. Hence the lifetime of such a rolling 
element bearing is usually limited by subsurface initiated RCF. [22], [23] 
2.1.4 Contact stress and stress fields 
The stress state, in particular the surface and subsurface stresses, at the contact between the 
raceway and the rolling element is governed by the Hertzian stress theory. Hertz established the 
determination of stress and surface deformation of two elastic bodies in point contact in 1896, and 
nowadays contact stresses are in general called Hertzian stresses due to his accomplishments. [23], 
[25] 
In general two different ideal contact types are possible in rolling element bearings; point contact 
in the case of a ball bearing and line contact in the case of roller bearings, e.g. cylindrical, spherical 
or tapered roller bearings. Hertz found that in reality, instead of a point or line contact a small 
contact area must form, distributing the load over the surface. For point contact this assumption 
leads to an ellipsoidal surface compressive stress distribution and for line contact the stress 
distribution is semi cylindrical. The two different contact types are illustrated in Figure 2-3. [18], 
[25] 
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Figure 2-3. Stress distribution of point contact (a) and line contact (b), from [18]. 
For the failure analysis of rolling element bearings the stresses below the surface (subsurface) are 
of most interest. They can also be derived by the Hertzian stress theory. Compared with the stress 
state of classical fatigue there are several differences. The stress state is multiaxial and 
nonproportional. Furthermore, because of the rotation, the loading is dynamic, causing the material 
to be exposed to a cyclicly changing stress history. Figure 2-4 shows the stress history for a local 
subsurface region at the depth of maximum orthogonal stress.  
 
Figure 2-4. Stress history at a subsurface point in a Hertzian line contact [23]. 
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It can be seen that the different stress components do not change in the same proportion. The 
normal stresses σy and σz (according to the coordinates defined in Figure 2-3) are always 
compressive, but the orthogonal shear stress τyz experiences a complete reversal. 
Figure 2-5 illustrates the loading history of a subsurface point in a roller bearing raceway, over 
rolled by a cylindrical rolling element. This schematic illustration shows that at the initial position 
1 of the roller, the material experiences no shear stresses parallel to the coordinate axes τzy and τyz, 
but the maximum shear stress τmax at 45° to the coordinate axes. The adjacent material to position 
1 is exposed to the orthogonal stresses. As the roller is moving from position 1 passing position 2 
to position 3 the same stress state is observed; under the roller the maximum shear stress τmax and 
in the adjacent material the orthogonal stresses τzy and τyz (also named τo). With the roller at position 
3 the material at position 2 is again exposed to the orthogonal shear stresses τo, but now with the 
opposite direction. Therefore, the maximum range of orthogonal stresses is 2τo, which can be 
higher than the maximum shear stress τmax. [19], [23] 
 
Figure 2-5. Produced shear stresses in a cylindrical roller bearing below the raceway surface, according to [24]. 
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Different failure models exist, using different stress measures as the critical one. The classical 
lifetime prediction, developed by Lundberg and Palmgren is based on the maximum orthogonal 
shear stress 2τo [24]. The depth below the rolling surface where the stresses are maximum is called 
z0 and is a function of the contact geometry as well as the tangential forces caused by friction. 
Shear traction or in other words the addition of frictional or sliding forces will move the location 
of maximum stress closer to the surface. Other critical stress criteria are based on the maximum 
shear stress τmax=1/2 (σx-σz) (Tresca-criterion) or octahedral shear stress τOct that is directly related 
to the von Mises equivalent stress σVM (Mises–Hencky distortion energy theory) by equations 2.1 
and 2.2: 
VMOct  3
2      (2.1),
         21222222 6
2
1
zxyzxyxzzyyxVM    (2.2). 
 [18], [19], [21], [27] 
2.1.5 Microstructural alterations 
2.1.5.1 Decay of the microstructure 
It is well known that during rolling contact fatigue structural changes can occur below the raceway. 
This phenomenon is described frequently for martensitic bearing steels and is mainly noticeable 
by a change of the etching characteristics of the microstructure [28]. The change in the 
microstructure involves a decay of the microstructure and the build-up of residual stresses. 
Although the following description is limited to martensitic through hardened steels, because 
mainly these are described in literature, it has to be mentioned that microstructural alterations also 
occur in bainitic or case hardened steels.  
The microstructural change in the martensitic structure exposed to cyclic contact stresses is related 
to the stress level as well as the number of cycles. The change in the etching behaviour and the 
visual appearance in the reflected light microscope have been described frequently using different 
terms for similar phenomena. Following the terminology used in [19] the microstructure features 
that appear are dark etching regions (DER), white bands and butterflies, where DER and white 
bands are named due to their visual appearance in the light optical microscope after etching and 
butterflies due to their special shape. Their occurrence depends both on the applied load (stress 
level) as well as the number of revolutions; such that a certain threshold loading is necessary and 
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formation will occur earlier at higher loads. Figure 2-6 shows the occurrences of the DER and the 
white bands in relation to the number of revolutions and the maximum contact stress, ascertained 
by tests with a deep groove ball bearing made of SAE 52100 (100Cr6) and tempered at 150 °C 
[28]. In [28] and [29] the zone of DER and/or highest density of white bands formation was related 
to the depth of maximum shear stress, however the onset of DER and white band formation has 
been mainly related to the depth of maximum amplitude of the orthogonal shear stress [10], [26], 
[30]. 
The different (classical) microstructural changes of the martensitic structure are discussed 
subsequently. In addition to this relatively slow material decay after a high number of revolutions, 
more recently other microstructural alterations have been described, so called white etching cracks 
(WECs) that were found in prematurely failed bearings, for example in the wind turbine drivetrain 
and are described in section 2.2. 
 
Figure 2-6. Different products of martensite decay in relation to the maximum contact stress and the number 
of revolutions. Test conditions can be found in [28]. 
Dark etching region (DER) 
After a certain number of revolutions (depending on the load) a dark zone in the stress affected 
region in the whole circumference of the bearing ring appears, when etched with nital. These zones 
are called dark etching areas (DEA) or dark etching regions (DER) and were first found by Jones 
[31]. Such DER will develop and grow in size with an increasing number of revolutions. Bush 
[30] called the DER tempered martensite and in [22], [28], [32] this alteration is reported to be a 
mixture of remaining martensite and a new ferritic phase containing inhomogeneously distributed 
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excess carbon content. A similarity in transformation to conventional thermal tempering has been 
reported, albeit stress induced rather than thermally induced [22], [26], [28], [30], [33]. 
White bands 
In Figure 2-6 it can be seen that with an increasing number of revolutions a second characteristic 
altered microstructure develops. These secondary features, appearing white after etching, have 
been described by several authors and are called white bands [28], gray lines [30], [31] or white 
etching area [29] as they appear as bright bands in an axial section (cut parallel to the overrrolling 
direction) of the ring etched with nital, but they are disk-shaped or lenticular in three dimensions 
[29]. Two different favoured orientations are observed. Figure 2-7 shows the two different 
orientations of the white bands developed inside the DER in an axial section of the inner ring of a 
deep groove ball bearing.  
 
Figure 2-7. Reflected light microscopy image showing the low (LAB) and high angle white bands (HAB) in the 
inner ring of a bearing, axial cross section, cut parallel to the overrolling direction, nital etched, deep grove ball 
bearing made of SAE 52100 and exposed to a standard heat treatment (austenitizing at 860 °C for 15 min, oil 
quenched to 60 °C and tempered at 150 °C for 1 hour), from [26]. 
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Firstly bands develop that are oriented at an angle of 30° to the raceway surface in the rolling 
direction, the so called low angle bands (LAB). Swahn [28] describes the microstructure as 
plastically deformed ferrite discs, surrounded by carbide discs on both sides. Österlund and 
Vingsbo’s results [32] support these observations by identifying a “sandwich” microstructure 
consisting of carbide discs and a ferrite-like phase. Subsequently, bands with a higher angle 
(approximately 80°) to the surface develop and are called high angle bands (HAB). They have a 
microstructure described as severe plastically deformed ferrite, different from the LAB 
microstructure [22], [26]. In [32] these HAB are described as an extremely fine grained, carbide 
free ferrite-like phase with a dislocation density similar to martensite and a dislocation structure 
similar to that of heavily strained ferrite. In general, it has been reported that both LAB and HAB 
are softer than the surrounding matrix [33]. A possible explanation is that carbon is depleted in the 
bands and redistributed from the white bands to the adjacent region.  
2.1.5.2 Butterflies 
Eventually, in the late stage of RCF cracks will initiate at stress raisers such as non-metallic 
inclusions and will lead to spalling at the raceway. This mechanism is the basis for the standardized 
lifetime calculations mentioned before (ISO 281) and led to ratings of non-metallic inclusions in 
steel as a basis for steel specifications [34]. The microstructural features developing at the 
inclusions are called butterflies; an example is shown in Figure 2-8. They usually develop after a 
relatively high number of revolutions (>108 load cycles) [35]. 
 
Figure 2-8. Scanning electron microscopy image of a butterfly [36]. 
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From the inclusion two wings develop, consisting of a microstructure appearing white in reflected 
light microscopy (RLM) after etching with nital and bordered by a crack. The wings are oriented 
in the direction of over rolling and at an angle of 45° to the raceway surface that is the angle of 
maximum (unidirectional) shear stress [37]. Vegter and Slycke [8] proposed a formation process 
that is based on highly localized damage in the steel matrix that is debonding from the non-metallic 
inclusion. By a nano-scale rubbing mechanism at the steel/inclusion interface material is removed 
from the matrix and re-deposited at the inclusion. The continuation of this process is leading to the 
propagation of the wing into the matrix with the crack acting as the wing/matrix interface. The 
white etching area in the butterfly wing has been identified as a nano-crystalline ferrite structure 
by Grabulov et al. [36] and has a significantly higher hardness than the surrounding matrix [37]. 
The formation of this microstructure is explained as the result of a recrystallization process, 
whereby new grains form in the highly deformed steel matrix in the vicinity of the cracks. As the 
operating temperature is rather low this low temperature recrystallization is enabled by the 
stabilization of a high number of crystal point defects, caused by carbon in solid solution [36]. 
2.1.5.3 Residual stresses 
In general, residual stresses, persisting in absence of an external load, occur when different regions 
in the sample tend to adopt different volumes that are counteracted by cohesive forces (see section 
2.4.1 for a detailed description of residual stresses). Already in the fabrication process residual 
stresses can be introduced in the material by machining and heat treatment. In general, a bearing 
raceway exhibits no stresses or compressive residual stresses from machining directly at the 
surface, while the stresses introduced by the heat treatment are found at a depth up to 300 µm and 
can be tensile (martensitic hardening) or compressive (bainitic hardening, case hardening) [30], 
[38] For bearings compressive residual stresses in the material prior to service are beneficial 
because they constrain crack propagation and hinder rolling contact fatigue failure. 
During rolling contact fatigue along with the microstructural alterations a tri-axial state of residual 
stress is induced in the subsurface region at a certain depth. Voskamp [26] has analysed this stress 
state using X-ray diffraction: In the subsurface region in the circumferential and axial direction 
compressive stresses develop; in the radial direction tensile stresses develop. Similar observations 
were made in [10], [30], [39]. High compressive stresses at the surface due to machining can 
decrease slightly under RCF [26]. The stress distribution versus depth varies with the applied test 
conditions. Residual stress maxima were found at the depth of maximum (unidirectional) shear 
stress [26], [30], orthogonal shear stress [39] and von Mises equivalent stress [10].  
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Gegner [10] postulated that the formation of residual stresses and the beginning of plastic 
accommodation is governed by the von Mises equivalent stress (cf. equation 2.2). The maximum 
von Mises stress σVM is related in good approximation for roller and ball bearings to the Hertzian 
pressure p0 by σVM= 0.56 p0. For a typical through hardened steel with a yield strength of 1400-
1800 MPa, at a Hertzian pressure of about 2500-3000 MPa the von Mises equivalent stress will 
locally exceed the yield strength and lead to local plastic deformation and the formation of 
compressive residual stresses [10]. 
A similar mechanism was suggested by Voskamp [26], who ascribed the residual stress generation 
to inhomogeneous plastic deformation during the loading half cycle. On a macro-scale the contact 
stress does not exceed the yield stress, but micro yield will occur in small isolated volume 
elements, where the pre-existing internal and the induced stress field will exceed the yield limit. 
During the subsequent unloading half cycle the yielded volume elements will experience elastic 
strains relative to the surroundings and thus be subjected to local residual stress. In the next loading 
half cycle micro yield is initiated in new regions and residual stress is accumulated. 
Furthermore microstructural changes will affect the residual stress state. Decomposition of 
retained austenite is associated with a slight volume increase, and will thus generate compressive 
residual stresses. The decay of martensite, as described earlier, is associated with a slight volume 
decrease and the affected regions will generate tensile residual stresses. Thus the magnitude and 
sign of the resulting residual stresses depend on the volume fractions of the decomposed phases. 
[26] 
2.2 Premature bearing failure associated with white etching cracks 
2.2.1 WEC failure mode 
In addition to the described classical subsurface initiated and surface initiated rolling contact 
fatigue more recently different failure modes have been described, characterized by flaking or 
radial inward going axial cracks (sometimes in combination with spalling) on the bearing raceway 
(cf. Figure 2-9). These failure modes are associated with the occurrence of so called white etching 
cracks (WECs), characterized by white etching areas (WEAs) bordering the cracks. This 
microstructural feature is different from the DER and the white bands described previously as it is 
only found at crack borders and arise after a low number of revolutions compared to the high cycle 
classical subsurface RCF. The hardness of the WEA bordering the cracks is higher than the 
surrounding matrix in contrast to the softer LAB/HAB described previously.  
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Failures associated with these WECs can be found in bearings made of martensitic or bainitic 
through hardened as well as case hardened steels. The flaking or axial cracks can lead to premature 
failure and are found in all bearing types and independent of the supplier. However axial cracks 
have been reported to be present in martensitic hardened steels only and flaking combined with 
WEC networks is characteristic for bearings made from steels with a bainitic microstructure or 
case hardened steels. This can be explained by the different near-surface residual stress states 
introduced by the heat treatments. During quenching of martensitic components small tensile 
stresses develop in a subsurface area up to a depth of 300 µm; in contrast bainitic hardened 
(austempered) and case hardened (carburized) components show compressive residual stresses in 
this region [38], impeding the initiation and propagation of the axial radial inward going cracks. 
The failure modes occur in applications with dynamic load conditions, for example in the wind 
turbine drivetrain [4], [6]–[11] or the automotive industry [12]–[16]. 
 
Figure 2-9. Flaking of the raceway on the left, from [11], and axial cracks on the right (observed during this 
study) associated with WEC formation. 
The described failure is reported to be unpredictable and the lifetime of the bearings is much lower 
than the calculated lifetime described by the Wöhler curve (S/N curve) [6], [7]. Luyckx [6] 
describes a survival population of only 40% after 20 months and a L10 lifetime of 6 months (where 
L10 is the lifetime with 10% failure rate of bearings). In general, lifetime was found to be as low 
as 1-20% of the nominal L10 life [4], [5]. 
Evans [7] reported two different occurrences of the WECs associated with flaking: single cracks 
parallel to the raceway (in circumferential cross section, cut transversal to the overrolling 
direction) and as branching networks of WECs, both found in a depth up to 1 mm from the surface. 
Similar observations of straight running WEC parallel to the surface and WEC networks were 
made by Lund [34]. Figure 2-10 shows different occurrences of WECs found in the course of the 
present study associated with flaking (a and b) as well as axial cracks (c) on the raceway. 
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Figure 2-10. Reflected light micrographs of white etching cracks in cross sections of inner rings of wind turbine 
bearings investigated during this study, nital etched: a) WECs running parallel to the raceway, normal to the 
overrolling direction (circumferential cross section) b) branching network of WECs in an inner ring with 
flaking damage at the surface (axial cross section), c) axial, radial inward going crack with a WEC in its vicinity 
(axial cross section). 
2.2.2 Reproduction of WECs by rolling contact fatigue testing 
In several studies WEC formation was provoked by RCF testing [5], [12], [14]–[16], [40]–[45], 
thus their reproduction does not seem to be a difficult task. However, in the face of getting a better 
understanding of premature WEC failure in the wind turbine drivetrain, the applied test conditions 
and their concordance with wind turbine field conditions have to be considered. Tests were 
conducted on bearing test-rigs, disc on roller test-rigs and roller on roller test-rigs. When the WEC 
failure mode was reproduced, mostly much higher maximum contact stresses (up to about 5 GPa) 
were used compared to the typical load range between 1 and 1.6 GPa [6] in wind turbines, 
corresponding to a severe overload of the bearing [3], [6]. In [43] transient load conditions with a 
constant load of 2 GPa, but short maximum pressures of 5 GPa as well as 
accelerations/decelerations and the application of slip led to the premature formation of butterflies. 
In wind turbine bearings the dynamic load conditions can locally lead to higher stress levels. 
Possible causes could be vibrations, impact load, slip or bending [12], [13]. Another test method 
to promote the formation of WECs after a relatively low testing time is to charge test samples with 
hydrogen prior to the RCF testing, as hydrogen is believed to weaken the material by hydrogen 
embrittlement [14]–[16], [40], [43], [44]. In [41] WECs were formed at a maximum contact 
pressure of 1.2 GPa, corresponding with typical loads in wind turbines, without hydrogen 
charging, but by testing of thrust bearings that experience different dynamics compared to wind 
turbine drivetrain bearings in terms of the drill-like motion of the rollers. Gegner and Nierlich [5] 
reproduced WECs by testing under vibrational loading causing increased mixed friction. The 
occurrence of impact events and vibrational loadings during service was proven by X-ray 
diffraction residual stress analysis of bearings from a wind turbine gearbox. Characteristic residual 
stress peaks near the surface caused by vibrational loading were observed in service bearings as 
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well in the tested roller samples. Impact events in wind turbine bearings can for instance occur due 
to starting and braking, emergency stops, imbalance of the rotor and squalls [5]. 
2.2.3 Hypotheses for WEC failure 
As illustrated in the previous sections WECs differ from classical microstructural changes, 
classical lifetime calculations cannot be applied and the failure mode cannot completely be 
explained by the classical RCF failure mechanisms. The reproduction of WEC formation on test 
rigs, to get better understanding of the mechanisms of formation, has been difficult under the 
service conditions of a wind turbine concerning loading, lubrication and dynamics [46]. The origin 
for the failure mode associated with the formation of WEC is not yet completely understood. 
Therefore no consistent theory of the failure root cause exists but several hypotheses are discussed 
subsequently.  
In general, the hypotheses that have been put forward can be subdivided into those that point purely 
at transient loading conditions resulting in a complicated stress state as the main cause for the 
phenomenon and those that consider the presence of hydrogen as a main contributing factor 
influencing the bearing lifetime. Also a combination of both has been reported to cause failure 
associated with WECs. It is not clear whether WECs initiate at the surface or subsurface. Both 
subsurface initiation [14], [41], [47] and (near-) surface initiation [11], [48] have been suggested. 
A hypothesis developed by Luyckx [6] is that the white etching structures are a material response 
to an impact load caused by pressure peaks in the oil film. The pressure peaks are explained as the 
result of varying load and slip conditions and will create an increased load causing a high strain 
rate resulting in adiabatic shear bands. This hypothesis thus states that the white etching structures 
are adiabatic shear bands and the WEC failure mode is generated by pressure peaks as an additional 
load mechanism and in absence of an excessive external load and hydrogen. 
Gegner and Nierlich [5], [10], [49] state that external mechanical vibration and peak loads can be 
the cause of near-surface fatigue in applications like paper making machines, fans or wind turbines. 
The vibrations lead to mixed friction, revealed by smoothening of the machined raceway surface. 
The region of maximal shear stress is shifted towards the surface. Furthermore, vibrations and 
lubricant contamination can lead to chemical aging of the lubricant [10]. Thus, the acidifying 
lubricant can attack the steel surface. The shear stress shift caused by mixed friction and frictional 
tensile stresses as well as tribochemical dissolution of MnS inclusions can lead to microcrack 
initiation at the surface. The lubricant can then enter the microcracks and hydrogen release takes 
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place from breakdown of the lubricant inside the cracks under the cyclic stresses. Released 
hydrogen will lead to collateral microstructural changes in the regions adjacent to the cracks, 
resulting in WEA, and is seen as a secondary mechanism [10]. A similar root cause has been 
proposed by Ruellan et al. [45].  
In contrast, others postulate that hydrogen is the main root cause of premature failure and will 
diffuse into the material without prior surface cracks [14]–[16], [40]. Potential hydrogen sources 
are the decomposition of the lubricant at catalytic fresh metal surfaces, forming due to wear, as 
studied by several authors [15], [16], [50] or lubricant water contamination [7], [51]. Also the 
exposure to electric currents, that can develop in the generator in the wind turbine and pass through 
the bearing [3], could increase the hydrogen uptake [14], [52].The hydrogen will diffuse into the 
material and the enhanced hydrogen content in the material will lead to hydrogen embrittlement 
and localized plasticity and promote subsurface WEC formation. 
It is also postulated that butterflies, known from the classical RCF, can develop into white etching 
cracks and that the parallel and branching network WEC are just different development stages of 
the same phenomenon [34], [53]. Furthermore, it has been reported that when hydrogen is present 
in the steel matrix the butterfly formation is accelerated and large networks of white etching cracks 
will develop [8]. 
Finally it has to be mentioned that there is no generally accepted theory of WEC failure. It is likely 
that different mechanisms can lead to the formation of WECs, for instance surface or subsurface 
initiation, dependent on the microstructure of the material and the conditions the bearing is exposed 
to. Several drivers for WEC formation are proposed and potentially different combinations of the 
mentioned drivers can promote WEC formation. To clarify the mechanisms and the role of the 
different drivers, further research is necessary. 
2.2.4 Morphology and formation of the white etching area (WEA) 
In order to understand the origin for and the mechanism of the WEC failure mode, knowledge 
about the morphology and the formation of the WEA, the changed microstructure bordering the 
cracks, is of high interest. 
The microstructure of the crack-bordering WEA is reported to be of the same morphology as the 
WEA in the wings of butterflies, i.e. nano-crystalline ferrite [7], [8], harder than the surrounding 
matrix [4]. Diffraction patterns identify the WEA as a fine grained body centred cubic structure 
[36], but also amorphous regions have been identified [12]. It is reported that carbides inside the 
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WEA are deformed [12] or totally absent [26], [36], pointing to the dissolution of the carbides 
inside the WEA due to severe deformation. 
Harada et al. [12] described an acicular structure formed by shear induced deformation of 
martensite in a stage prior to WEA formation together with the formation of microvoids close to 
the interface between martensite and retained austenite as well as between the martensite and 
spheroidized carbides. Furthermore, it is reported that spheroidized carbides are deformed by shear 
stress in an initial stage. It is suggested that an amorphous structure forms due to local deformation 
before the formation of WEA pointing at a recrystallization phenomenon. Cracks initiate 
subsequently at the interface between the amorphous and granular structure inside the WEA as 
well as between the WEA and the steel matrix. 
In contrast Hiraoka et al. [54] postulates that WEA formation proceeds from shear stress induced 
microcracks. Grabulov et al. [36] proposes the WEA formation in butterflies to be a 
recrystallization process (cf. section 2.1.5.2), where new grains form at the crack surface in the 
highly deformed steel matrix, due to nano-rubbing between the inclusion and steel matrix [8]. The 
deformation leads to a high dislocation density but also to a high concentration of crystal point 
defects. Recrystallization requires sufficient vacancy formation and migration to allow iron-self 
diffusion. As in normal bearing conditions temperature is not sufficiently high to allow 
recrystallization it is proposed instead that thermal activation is not needed because the crystal 
point defects generated by the plastic deformation resulting from RCF are stabilized by carbon in 
solid solution. The need for thermally activated vacancy formation is thus eliminated [36]. Vegter 
and Slycke [8] postulate that the same mechanism is active in WEC network formation. The crack 
migrates sidewise into the steel matrix through material transfer across the crack faces leading to 
white etching area deposition on the receiving crack side.  
As mentioned before, hydrogen appears to play a major role in the premature failure of bearings 
caused by WEC by favouring their formation and shortening the fatigue life, e.g. reported in [8], 
[14]–[16], [40], [55]. In general, hydrogen can act detrimental on the mechanical properties of 
steels and various theories exist about the mechanisms of hydrogen affecting the steel properties. 
One mechanism of hydrogen embrittlement that could support the WEC formation process is the 
so called hydrogen enhanced localized plasticity (HELP) [55], [56]. It suggests that hydrogen in 
solution decreases the stress necessary to move dislocations through obstacle fields and thereby 
enhances the dislocation mobility and local plasticity. Furthermore, it is suggested that atomic 
hydrogen interacts with the crystal lattice, increasing the equilibrium vacancy concentration and 
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especially in the presence of carbon, increases the number of vacancies formed during 
deformation. Hydrogen will especially be attracted to regions of high deformation and accumulate 
at vacancies (crystal defects), dislocations [8], [40] or grain boundaries [15]. The promotion of the 
mobility and number of crystal defects by hydrogen can facilitate the recrystallization process to 
form the WEA, presumably governed by iron self-diffusion as suggested by Grabulov et al. [36].  
Another hypothesis that has been put forward, considers impact load as the origin for WEC failure 
and that the formation of the white etching features (white bands, butterflies as well as the white 
etching area bordering the cracks (WECs)) is similar to the formation of adiabatic shear bands, as 
they are reported to etch white as well. These bands are generated by a local macro-shear process 
of the microstructure. By the locally initiated deformation, high temperatures are generated leading 
to further weakening and deformation. As the strain rate must be high enough to avoid dissipation 
of heat to the surrounding area, a single rapid shock-shear stressing is necessary [9], [33], [57]. 
Possible events in the wind turbine to cause such high strains are for instance peak loads, 
vibrations, connection to the power grid, slip or traction [7], [9]. Furthermore an impact load 
caused by pressure peaks between the roller element and the raceway has been suggested as well 
[6].  
2.2.5 Remedies to WEC failure 
Not only the formation and morphology of white etching areas have been studied, but also efforts 
to counteract failure associated with WEAs have been made. Corresponding to the failure root 
cause hypotheses the remedies are based on counteracting hydrogen diffusion into the material, as 
hydrogen uptake is seen as one main root cause, and to counteract the initiation by a complicated 
stress state. 
In [50] the effect of different lubricant additives, i.e. anti-wear agents and corrosion inhibitors, on 
bearing hydrogen uptake was studied. Although the anti-wear agents decreased wear, thus the 
formation of fresh metal surface, the hydrogen uptake could not be decreased. In contrast, 
corrosion inhibitors reduced hydrogen generation from lubricant as well as hydrogen penetration 
into the steel, potentially by the formation of an oxide film, deactivating the catalytic reaction at 
the fresh metal surface. Also in [14] and [58] the positive effect of an oxide film on hydrogen 
penetration and consequently flaking due to WEC failure was shown. In [58] the RCF life of 
stainless steel, forming a passive oxide film, the effect of adding NaNO2 as a passivator to the 
lubricant and the effect of an anti-wear phosphate film were studied. All measures extended fatigue 
life. Kino and Otani [15] showed that Ni-plating of the contact surfaces extended rolling contact 
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fatigue life. The Ni-plating will avoid hydrogen diffusion into the steel surfaces, as Nickel has a 
much lower hydrogen diffusion coefficient compared to steel. Furthermore in [14] it is postulated 
that electricity effects can be controlled by insulating the inner and outer rings and by adding nano-
carbon into the lubricant. The nano-carbon particles will lead to stable electrical conductivity and 
avoid electrical discharge. However, these countermeasures which are based on the prevention of 
hydrogen penetration were mainly tailored for automotive application and imply that hydrogen is 
the root cause of WEC failure. 
Based on the root cause hypothesis of vibrational loading causing mixed friction Gegner and 
Nierlich [5] postulate that WEC development can be avoided by impeding the spontaneous brittle 
crack initiation at the surface caused by frictional tensile stresses below the roller runout (the edge 
of contact area). Introduction of compressive residual stresses in the near-surface area (up to 0.2 
mm) by cold working is suggested as a countermeasure. Samples with cold worked and honed 
surfaces showed no surface cracks and WEC formation when testing under same conditions where 
WECs formed in the same steel type without cold working. 
A surface treatment that is presently used in industry to extend the lifetime of bearings in the wind 
turbine drivetrain is black oxidizing [6], [59]–[62]. By several immersion steps in different 
solutions the steel surface is chemically transformed into magnetite (Fe3O3) with a thickness up to 
2 µm, appearing black, thus called black oxidizing. It is known to improve the running-in of the 
bearing, reduce friction, improve lubrication, avoid chemical attack and corrosion and stabilise the 
near-surface microstructure. Black oxidizing has shown improved performance in RCF fatigue 
tests as well as lower failure rates in service, also associated with WECs [6], [61]. This could for 
instance be attributed to the better resistance to hydrogen penetration by passivation or improved 
lubrication and the avoidance of mixed-friction and wear. The black oxide layer is sacrificial, i.e. 
it wears off under service. The exact mechanisms behind the beneficial effect of black oxidizing 
that hinder WEC formation are not understood completely.  
In addition, different steel designs, i.e. alloying concepts in combination with tailored heat 
treatments and surface engineering, can impede WEC failure. Although bearings made from both 
through hardened and carburized steels failed prematurely associated with WECs, tests showed an 
increased lifetime for carburized bearings [6], [63]. This is accounted to a build-up of compressive 
residual stresses and a higher content of retained austenite, both increasing the fracture resistance. 
In [63] wind turbine bearings with a threshold content of over 20 vol.% retained austenite showed 
no WEC formation during service.  
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High chromium steels (stainless steels) showed improved WEC failure resistance [58], [61], [64], 
[65]. Reasons can be passivation of the surface impeding hydrogen penetration or finely dispersed 
high-chromium carbide precipitates improving the wear resistance and impeding fresh metal 
surface formation. Furthermore, hydrogen diffusion is inhibited because the fine dispersed 
carbides are acting as hydrogen traps immobilizing hydrogen. The formation of more stable Cr-
carbides can also counteract WEA formation as carbide dissolution seems to play a role in the 
WEA formation process. Uyama and Yamada [64] report positive effects of higher Si and Mn 
contents (compared to a standard 100Cr6 through hardening steel). Si has been reported to decrease 
the solubility of hydrogen in steel [66]. Wear resistance can also be improved by carbonitriding 
that is suggested as a thermochemical surface treatment increasing WEC failure resistance and 
showed increased RCF life (Uyama & Yamada 2014). Induced compressive residual stress can 
inhibit crack propagation and a higher retained austenite content near the surface (due to the 
carbonitriding treatment) was reported to be beneficial.  
The ability of deep nitriding, conducted in this work, to counteract WEC failure of bearings inside 
the wind turbine drivetrain has not previously been tested and evaluated. By deep nitriding not 
only a higher surface hardness is achieved but compressive stresses can be introduced in a depth 
up to 1 mm. Simultaneously good core toughness is maintained. Therefore not only surface crack 
initiation is impeded but also crack initiation and propagation within the depth range of maximum 
Hertzian stresses and where WEC are found. Improved wear properties can also potentially limit 
hydrogen penetration at fresh metal surfaces. In addition, the formation of a non-porous thin iron 
nitride layer at the surface with a significantly lower hydrogen permeability can potentially limit 
hydrogen penetration [67]. Nitriding is known to provide excellent dimension stability and avoids 
costly subsequent grinding (in contrast to carburizing). The concept of deep nitriding will be 
explained in detail in the next section. 
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2.3 Deep nitriding for bearing application 
2.3.1 Introduction to nitriding 
Nitriding is a thermochemical surface treatment, where the case of a ferrous metal is hardened by 
introducing nitrogen into the surface, usually at a temperature between 495 °C and 565 °C. This 
technique has been applied for about 100 years. Nitriding can be classified as a thermochemical 
diffusion process as it modifies the chemical composition at the surface and is conducted at an 
elevated temperature to accelerate nitrogen diffusion. Because the treatment is usually conducted 
in the ferritic state, contrary to carburizing which relies on austenite to martensite transformation, 
subsequent quenching is avoided and a minimum of distortion and excellent dimensional control 
is achieved. Typical applications for nitriding are gears, pinions and shafts, but nitriding is applied 
in bearing applications as well. [68], [69]  
The case of the material that develops during the nitriding process is subdivided into a compound 
layer at the surface and a diffusion zone underneath. The compound layer consists of iron (carbo-
) nitrides and is characterized by high hardness and can improve the wear resistance (mainly used 
in nitrocarburising) as well as corrosion resistance of the material. Furthermore hydrogen 
permeability can be decreased due to lower diffusibility of hydrogen in the compound layer [67]. 
It is also often called white layer because of its white appearance in nital etched cross sections. In 
the diffusion zone alloying element nitrides and a supersaturated interstitial solution of nitrogen 
will lead to the development of a hardness gradient and will introduce compressive residual 
stresses. At the same time high core toughness is maintained. [68], [70]–[72] 
By case hardening compressive residual microstresses (strengthening of the material) as well as 
macrostresses (see section 2.4.1 for residual stress classification) are introduced in the material 
[73]. Both kinds of residual stresses will contribute to a better fatigue resistance, where subsurface 
initiated fatigue is mainly hindered by microstresses in the case and both macro- as well as 
microstresses at the surface will affect surface initiated fatigue. Although the stress state in rolling 
contact fatigue is different from the stress in conventional fatigue (see section 2.1.4) the 
compressive stresses induced by nitriding will lead to a longer fatigue life in rolling contact [19], 
[23]. The stress state under rolling is altered; the residual stress changes the effective Hertzian 
stress as shown for example for the maximum octahedral shear stress in equation 2.3 [74]: 
   RR S 21maxmax       (2.3), 
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where (τmax)R is the maximum shear stress modified by the residual stress SR and τmax the maximum 
shear stress. The positive sign represents tensile residual stress and the negative sign compressive 
residual stress. Thus, by nitriding, compressive stresses are introduced, the effective stresses are 
decreased and the rolling contact fatigue life is prolonged [19], [23]. In addition, due to the high 
surface hardness and the compressive residual stresses, nitriding can lead to better lubrication 
contamination resistance by an improved resistance to dent initiated rolling fatigue of the nitrided 
steel [75], [76], in accordance with the previously described effect of residual stresses against 
conventional surface initiated fatigue [73]. 
Deep nitriding allows a nitriding depth up to 1 mm [76]–[78] that is deeper than the typical depth 
of maximum shear stress (see section 2.1.4) and beyond the depth where WECs are found (see 
section 2.2). Deep nitriding of bearings has been applied in the aerospace industry to improve 
fatigue life and because ball/roller bearings in aircraft engines are exposed to high speeds and 
heavy loads [75]–[77], [79]. So far it has not found application in wind turbines.  
Process methods of nitriding can be distinguished after the source of nitrogen: gas nitriding, salt 
bath nitriding and plasma nitriding [69]. In this project gas nitriding was conducted and is 
explained more detailed below. 
2.3.2 The process of gas nitriding 
Gas nitriding is the most commonly used process to perform a nitriding surface treatment. 
Advantages of gas nitriding are that it can be performed as a batch process and the equipment costs 
are relatively low [69]. 
Thermodynamics and kinetics  
The nitrogen carrier gas typically used is ammonia. Nitrogen gas does not have a sufficient 
dissociation rate in the nitriding temperature range, but nitrogen or hydrogen can be added to the 
atmosphere. Ammonia is unstable in the nitriding temperature range and atomic nitrogen is 
supplied by dissociation at catalysing (iron) surfaces. Adsorbed atomic nitrogen (Nad) can then 
diffuse into the solid phase ϕ according to reactions 2.4 and 2.5 [70], [80]: 
23 2
3 HNNH ad       (2.4) 
  NNad       (2.5). 
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The adsorbed atomic nitrogen Nad can also leave the surface again according to the reaction shown 
in equation 2.6: 
2NNN adad       (2.6). 
Although reaction 2.6 is thermodynamically preferred over reaction 2.5, due to limited kinetics of 
reaction 2.6 at usual nitriding temperatures, nitrogen will be dissolved interstitially in the bcc 
(body-centered cubic) ferrite lattice of the material. In iron a maximum amount of 0.4 atomic 
percent (0.1 wt%) nitrogen can be dissolved at 592 °C and 1 bar, as shown in the iron-nitrogen 
phase diagram (see Figure 2-11) [70], [81]. 
 
Figure 2-11. Fe-N phase diagram [82]. 
The activity of nitrogen aN is given by the equilibrium condition of reactions 2.4 and 2.5 at 1 bar 
pressure as [70]: 
NN KKKa  5.24.2      (2.7). 
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K2.4 and K2.5 are the equilibrium constants of reactions 2.4 and 2.5; KN is the nitriding potential 
that can be expressed by the partial pressures of ammonia and hydrogen: 
2/3
2
3
H
NH
N p
p
K      (2.8). 
Compound layer and diffusion zone 
Different iron nitrides can develop during nitriding of an iron alloy depending on the nitriding 
potential and the temperature. They have been systematically analysed by Lehrer by overflowing 
an iron powder with ammonia-hydrogen gas mixtures with different ammonia contents [83]. The 
Lehrer diagram (Figure 2-12) shows the nitrides that were stable in dependence of ammonia 
content and temperature.  
 
Figure 2-12. The Lehrer Diagram showing the data points of the different experiments conducted and the 
different stability areas for different iron nitrides [83]. 
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The different phases in the Lehrer diagram (as well as in the Fe-N phase diagram (Figure 2-11)) 
are the following: 
α-phase: solid solution of N in α –iron, 
γ-phase: solid solution of N in γ –iron, 
γ’-phase: Fe4N1-x, 
ε-phase: Fe2N1-z. 
As mentioned before, the case of a nitrided ferritic steel can consist of a compound layer as well 
as a diffusion zone. During nitriding of pure iron as well as low to medium carbon steels a 
compound layer can form at the surface, first by nucleation of γ’-nitride. Later ε-nitride can 
nucleate on top and after a merging of the nuclei of γ’ and ε a mixed layer will continue growing. 
Because of the metastability of the iron nitrides porosity can form in the compound layer due to 
N2 formation in later stages. In the diffusion zone the nitrogen will be in solid solution in the iron 
if no nitrides forming alloying elements are present. During relatively slow cooling from the 
nitriding temperature the interstitially dissolved nitrogen will precipitate as γ’- Fe4N1-x or 
metastable α’’-Fe16N2. If the steel is alloyed with strong nitride formers as chromium, aluminium, 
molybdenum, vanadium or titanium, nitrides will develop preferentially. These nitrides of the type 
MN (M=Cr, Al, Mo, V, Ti) precipitate and are dispersed as nano-scale platelike nitrides in the 
ferrite matrix. Due to these nitrides the hardness in the diffusion zone is increased by precipitation 
hardening. Also the build-up of compressive stresses that contributes to the better performance of 
nitrided steels is caused by these nitrides as they have a volume misfit with the surrounding matrix. 
These small nitrides also lead to enhanced solubility of nitrogen and so called excess nitrogen in 
the ferritic matrix. [70], [78], [84], [85] 
Nitriding without the formation of a compound layer is called internal nitriding; with a compound 
layer and a diffusion zone external nitriding. A pronounced porous compound layer is often 
detrimental and therefore avoided. Still today, the Lehrer diagram is often used to estimate nitrogen 
potential and temperature for internal nitriding as nitriding in the area below the α /γ’-line should 
avoid the build-up of a compound layer. Another known method to reduce the thickness of the 
compound layer is a double-stage nitriding process where a second step is added (optional at higher 
temperature) with a higher dissociation rate of ammonia, i.e. a lower nitriding potential [68]. 
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Another feature that can occur during nitriding is the formation of cementite at grain boundaries. 
When nitrogen diffuses into the case, carbides dispersed in the steel are transformed into nitrides 
and the carbon released diffuses deeper into the steel. It will then precipitate as cementite along 
the grain boundaries, preferably on grain boundaries parallel or inclined up to 45° with respect to 
the surface for strain energy minimization reasons. The cementite on the grain boundaries can be 
transformed into carbon rich ε-phase or γ’-nitrides eventually. The formation of the grain boundary 
cementite is accompanied by a decrease of the biaxial compressive residual stress parallel to the 
surface. [71], [78], [86], [87] 
Parameters influencing the case properties 
The first important parameter is the case depth Z that can be achieved during nitriding, which 
generally grows according to a parabolic growth law [72], [88], [89]:  
DtZ ~2       (2.9), 
where D is the diffusion constant and t is time. Thus it can be written as: 
  BDtAZ 2      (2.10), 
where the proportionality constant depends on temperature, chemical composition of the steel (in 
particular concentration of alloying elements that form nitrides) and the surface concentration of 
nitrogen. The diffusion coefficient D depends on temperature and can be assumed to be 
independent of concentration. Note that the case depth is not linearly growing with increased time, 
but parabolically, because growth requires diffusion of nitrogen through the grown case. With 
higher nitriding temperatures higher nitriding depths can be achieved due to the promotion of 
diffusion. At constant temperature equation 2.10 can be written as [72] [89]: 
Dt
C
CZ
M
N22       (2.11), 
where CN is the nitrogen concentration at the surface and CM is the concentration of a substitutional 
nitride forming alloying element. Alloying elements that bind nitrogen will retard growth of the 
diffusion zone and therefore lead to a lower case depth. These alloying elements will also lead to 
a thinner compound layer.  
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The case hardness of the steel is mainly determined by the alloying element nitrides dispersed in 
the matrix in the diffusion zone. The more alloying elements available in solid solution before the 
nitriding the harder the case will be [86], [90].  
As for the hardness, formation of alloying elements nitrides is responsible for the introduction of 
compressive residual stresses. After longer nitriding time stress relaxation caused by nitride 
overaging and carbon depletion will occur, leading to a decrease of the maximum residual stress 
and a shift to larger depth. [78], [91] 
Also the prior heat treatment will affect the properties of the nitrided component. Higher tempering 
temperatures will lead not only to a softer core but also to a decrease in hardness in the case after 
nitriding. This is caused by larger carbides precipitating during tempering causing coarser nitrides. 
[92], [93]  
2.4 Residual stress analysis  
2.4.1 Residual stresses 
Residual stresses are defined as stresses inside a material that exist without the influence of an 
external force or moment. They are self-equilibrating in the component so that the total residual 
stress integrated over a component in all directions is zero. They can be classified, based on the 
area where they act homogeneously, into residual stresses of 1st, 2nd and 3rd kind and described 
according to Macherauch [94]: 
- Residual stresses of 1st kind are almost homogeneous over a relatively large area, i.e. 
several grains. The associated forces and moments are in equilibrium over the whole 
material volume.  
- Residual stresses of the 2nd kind are almost homogeneous over small areas, i.e. a grain or 
just a part of a grain and the forces and moments are equilibrated over a sufficient number 
of grains. 
- Residual stresses of the 3rd kind are inhomogeneous over minor areas, i.e. just a few atom 
distances. The associated forces and moments are in equilibrium in very small areas (part 
of a grain).  
Figure 2-13 illustrates the superposition of residual stresses of 1st, 2nd and 3rd kind with an example, 
where the local residual stress is given over x in a random x, y coordinate system. The residual 
stress of 1st kind (σRS,I) is the average residual stress over several grains, residual stresses of 2nd 
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kind (σRS,II) are the average deviation from σRS,I over a single grain and residual stresses of 3rd kind 
(σRS,III) are the local deviations with respect to σRS,I and σRS,II . Hence the total local residual stress 
is given by equation 2.12: 
IIIRSIIRSIRSRS ,,,       (2.12). 
 
Figure 2-13. Illustration of the superposition of residual stresses of 1st kind (σRS,I), 2nd kind (σRS,II) and 3rd kind 
(σRS,III), [94]. 
Often residual stresses are subdivided into macro- and microstresses where residuals stresses of 
the 1st kind are referred as macrostresses and residual stresses of the 2nd and 3rd kind as 
microstresses [73], [94].  
The reasons for the formation of residual stresses can be manifold. In general, they are caused by 
the volumetric changes in part of the material that are constrained by adjacent parts. This can be 
the result of a mechanical, thermal or chemical process [94]. The resulting residual stresses can be 
detrimental or beneficial for the application of a component. 
2.4.2 X-ray diffraction principles 
The principles of X-ray diffraction (XRD) are described subsequently according to [95]–[98].  
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When an X-ray beam is irradiating matter the electrons of the atoms will vibrate stimulated by the 
electric field of the electromagnetic waves, and emit electromagnetic waves. This phenomenon is 
called scattering. When the incident wave and emitted wave have the same wavelength (i.e. the X 
photons have the same energy) it is called coherent scattering. Apart from this, X-photons can 
scatter incoherently, implying a loss of energy (increase in wavelength) as a consequence of 
changes in the energy state of the electrons.  
The interference of coherently scattered radiation in crystals with a periodic atomic or molecular 
structure (i.e. a lattice) is called diffraction. Constructive interference leads to intensity maxima 
for particular scattering angles and destructive interference to intensity minima for other scattering 
angles, thereby forming the diffraction pattern. Constructive interference will occur when the path 
difference between waves scattered by atoms from a family of parallel lattice planes is a multiple 
of the wavelength. This geometric relation is expressed by the Bragg equation: 
 sin2 hkldn  ,     (2.13), 
where n is an integer (expressing order of diffraction), λ the wavelength, dhkl the spacing for the 
diffracting family of lattice planes (hkl) and θ the diffraction angle (Bragg angle). The Miller 
indices hkl describe the orientation of the investigated lattice planes in relation to the crystal 
reference system. Often the diffraction angle is given in the form of 2θ that is the angle between 
the direction of the incident beam and the diffracted beam and called scattering angle. The Bragg 
equation (or Bragg’s law) is demonstrated for a rectangular lattice in Figure 2-14.  
 
Figure 2-14. Illustration of the interference of waves scattered at atoms in a rectangular lattice in a crystal 
(Bragg’s law), the path way difference (BA2+ A2C) is demonstrated, for that applies: (BA2+ A2C) = 2d hkl sinθ. 
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From equation 2.13 it can be seen that for a given wavelength the diffraction angle where reflection 
occurs depends on the crystal structure of the material. In polycrystalline materials the distribution 
of intensity maxima Ihkl in the diffraction pattern is used to analyse the crystal structure and to 
identify phases in multiphase materials. Furthermore from equation 2.13 it can be seen that the 
diffraction angle depends on the lattice spacing dhkl that is used for determination of changes in 
dhkl. 
Based on Equation 2.13 angle-dispersive X-ray diffraction can be applied, where monochromatic 
radiation with a specific wavelength (i.e. energy) is used and intensity maxima Ihkl are recorded 
while changing the scattering angle 2θ. By applying the energy-wavelength relation: 

hcE        (2.14), 
where h is Planck’s constant and c is the velocity of light, Bragg’s law can be expressed in the 
energy-dispersive form: 
sin2 hkld
E
hcn       (2.15). 
In energy-dispersive X-ray diffraction white radiation (i.e. an X-ray photon energy distribution) is 
applied and the scattering angle is kept constant. Accordingly, diffraction of various hkl occurs at 
particular energies Ehkl.  
2.4.3 X-ray stress analysis (XSA) 
The fundamental equation of XSA 
The determination of residual (macro-) stresses by X-ray diffraction is based on the variation in 
lattice spacing associated with lattice (macro-) strains induced by elastic stresses1. According to 
the Bragg equation (2.13 or 2.15) this will lead to a shift of the position of diffraction lines, i.e. the 
scattering angle or energy in the wavelength and energy-dispersive diffraction, respectively. The 
lattice strain hkl  of the diffracting crystallites is given by: 
  hklhklhklhkl ddd 00       (2.16), 
                                                 
1 Both macro- and microstresses will affect the diffraction pattern. Macrostresses will lead to a diffraction peak shift, 
while microstresses result in peak broadening. In this work macro stresses (residual stresses of 1st kind) are considered 
and therefore the discussion is limited to peak shift. 
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where hkld0  is the strain-free lattice spacing and the azimuth angle φ and inclination angle ψ relate 
the diffraction vector ghkl within the sample reference system. The sample reference system S and 
the laboratory system L are illustrated in Figure 2-15. 
 
Figure 2-15. Definition of the sample reference system S and the laboratory system L [99]. 
The relation between the lattice strain (equation 2.16) and the average mechanical stress is then 
given, based on elasticity theory, by the fundamental equation of XSA [99]: 
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   (2.17). 
hklS 1  and ½ hklS 2 are the diffraction elastic constants (DECs) also called X-ray elastic constants 
(XECs). The XECs depend on the investigated reflection hkl and account for elastic anisotropy. 
XECs can be determined experimentally or calculated theoretically. This subject is beyond the 
scope of the present work. The interested reader is referred to [100]. 
The sin2ψ-method of XSA 
The sin2ψ-method of X-ray diffraction stress analysis [101] is based on a biaxial stress state near 
the surface. All the stress components that are normal to the surface (σi3 with i=1,2,3) can be 
neglected and equation 2.17 can be simplified to: 
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   (2.18). 
The in-plane residual stress component in the direction defined by φ is given as: 
 2sinsincos 12222211 SSS      (2.19), 
and equation 2.18 can be written as: 
 SShklhklhkl SS 2211122 sin21        (2.20). 
For a particular φ (or rotational symmetry, σ11= σ22 = σφ = σ||), the strain is linearly dependent on 
sin2ψ. Equation 2.20 can be written in terms of lattice spacings (according to equation 2.16) as 
follows: 
  hklSShklhklhklhklhkl dSdSdd 0221110220 sin21       (2.21). 
When the lattice spacing is determined for different angles ψ by equation 2.13 or 2.15, the slope 
m of a regression line fitted to the distribution of hkld  versus sin2ψ is linearly proportional to the 
stress σφ: 
hklhkl dS
m
022
1       (2.22). 
The advantages of the sin2ψ-method are the numerical stability and the insensitivity to 
experimental uncertainty. The exact knowledge of the strain-free lattice spacing hkld0  is of minor 
importance as the evaluation is based on a relative comparison of the obtained lattice spacings. In 
the case of a biaxial stress state of rotational symmetry (σ11= σ22 = σφ = σ||) the strain-free direction 
ψk can be derived from equation 2.21 and yields: 
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Determination of residual stress gradients 
The sin2ψ-method of XSA provides a value for the biaxial stress state weighted over the diffracted 
intensity, which originates from a certain depth range. To get detailed information on the stress (σ) 
versus depth (z) distribution the exponential attenuation of X-rays in the material is used as a 
weighting factor for the obtained data [102], [103]: 
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where D is the sample thickness and the penetration depth τ is given for a polycrystalline material 
without a preferred texture according to [104] by: 
  

cossin2
sinsincossinsin 22222
E
     (2.25), 
where μ is the energy (wavelength) dependent linear absorption coefficient and η the angle 
denoting the rotation around the scattering vector ghkl (cf. Figure 2-15). For infinitely thick samples 
(D→∞) σij(τ) in equation 2.24 is the Laplace transform of σij(z). The stress-depth distribution as 
derived from XSA can be obtained as follows. Arbitrarily the stress values determined for a certain 
combination of measurement conditions is assigned to the penetration depth τ (equation 2.25). 
Equation 2.20 can be written in the depth-dependent form as [99], [102]: 
          22221111 ,, hklhklhkl FF     (2.26), 
where hklijF  are the stress factors given for the surface parallel components σ11 and σ22 as: 
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When sin2ψ-measurements for φ=0°and φ=90°are combined appropriately, equation 2.26 can be 
solved for the unknown depth profiles σ11(τ) and σ22(τ) by using the formalism [99], [103], [105]: 
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yielding: 
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In equation 2.29 the experimental information is found on the right-hand side and the unknown 
residual stresses on the left-hand side. The equations are of “universal” nature and all experimental 
data can be plotted in a master curve, independent of radiation and/ or reflection hkl. So every 
combination of determined lattice spacings hkld 0  and 
hkld 90  in the directions φ=0° and φ=90° will 
yield the residual stress values σ11(τ) and σ22(τ) at the corresponding penetration depth τ according 
to equation 2.25. This plot of the individual residual stress components versus the penetration 
depth τ is called the universal plot method. To obtain stress profiles σij(z), versus the actual depth 
z in real space, the Laplace stress distributions σij(τ) are fitted by polynomial or exponential 
functions and transformed according to equation 2.24. [99] 
In energy-dispersive X-ray diffraction it follows from equation 2.15 that smaller lattice spacings 
are recorded at higher energies if θ is fixed and individual  hkl  profiles evaluated for individual 
reflections hkl come from different average depth ranges overlapping each other. The residual 
stress values are obtained for individual reflections hkl by linear regression of the hkld  versus sin2ψ 
plots. The stress values can be plotted versus the average information depth, that is given by [99], 
[105]: 
   
2
,, maxmin
hklhkl
hkl EE       (2.30). 
This plot gives a first approximation of the residual stress state and is called the “modified multi-
wavelength method”. This method is not as precise as the previously given universal method, 
because the hkld -values in one sin2ψ-plot in principle average over different depth ranges. For 
steep stress gradients this leads to curved plots. 
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Scattering vector method 
A method to determine lattice strain depth profiles at fixed azimuth angle φ and inclination angle 
ψ is the scattering vector method [106] where diffraction patterns are obtained after stepwise 
rotation η around the scattering vector ghkl (cf. Figure 2-15). This method fills the gap of the 
information depth between the Ψ-mode (adjustment of the measuring direction by ψ) and Ω-mode 
(adjustment of measuring direction by ω) according to equation 2.25 (cf. Figure 2-16).  
 
Figure 2-16. Illustration of the variation of the information depth in the scattering vector mode by variation of 
η with ψk as the strain free direction, from [106]. 
By measuring with the scattering vector method in the strain-free direction ψk (given in the case 
of a biaxial stress state with rotational symmetry by equation 2.23) lattice spacings are obtained 
that are not affected by the in-plane residual stresses. This can be used to investigate if chemical 
composition gradients lead to a systematic variation of the lattice spacing and associated ghost 
stress contributions, i.e. fictitious strains resulting from composition variations in different depth 
ranges rather than the presence of stresses.  
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3 Experimental procedures 
3.1 Materials and components 
3.1.1 Investigated field components during failure analysis 
Two different bearings supplied by DONG Energy were investigated and are presented as case 
studies in this report. Case study I deals with a ball bearing, placed at the high speed shaft in the 
gearbox. The second bearing is a double row tapered roller bearing, which was positioned at the 
intermediate shaft of the gearbox and is discussed in Case study II. In addition to the two case 
studies representative bearing components from different positions inside the drivetrain were 
supplied by DONG Energy. The components, showing WEC failure were used for further 
investigation of WEC morphology and formation. Detailed information on the components and 
materials is supplied in the corresponding sections 4.1.1.1, 4.1.2.1 and 4.1.3.1. 
3.1.2 Materials for nitriding and rolling contact fatigue testing 
Nitriding 
Four commercially available nitriding steels were chosen for nitriding experiments. The materials 
need to offer a sufficient hardenability for large diameter bearings as well as good core toughness. 
Furthermore these grades were chosen to represent a variety of alloying concepts and carbon 
content. Table 3-1 shows the chemical composition of the four steel grades and Table 3-2 shows 
selected mechanical properties.  
Table 3-1. Chemical composition of the four nitriding steels from inspection certificates made according to DIN 
EN 10204. 
No. 
Steel grade (acc. 
to DIN EN 
10027) 
C Si Mn P S Cr Mo Ni V Al 
1 15CrMoV5-9 0.15 0.16 0.90 0.008 0.003 1.38 0.87 0.19 0.23 0.028
2 31CrMoV9 0.29 0.26 0.46 0.016 0.007 2.42 0.16 - 0.1 0.025
3 34CrAlMo5 0.34 0.26 0.62 0.013 0.022 1.17 0.18 - - 0.985
4 34CrALNi7 0.35 0.19 0.65 0.014 0.016 1.69 0.20 0.98 <0.01 1.01 
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Table 3-2. Mechanical properties of the 4 nitriding steels from inspection certificates made according to DIN 
EN 10204. 
No. 
Steel grade  
(acc. to DIN EN 10027) 
0.2 % proof 
stress (Rp 0.2) 
[N/mm2] 
Tensile 
strength Rm 
[N/mm2] 
Elongation at 
fracture A 
[% ] 
Notch impact 
energy (ISO-V) 
Avg. [J] 
1 15CrMoV5-9 890 982 16 167 
2 31CrMoV9 960 1060 19 41 
3 34CrAlMo5 722 843 18 83 
4 34CrAlNi7 741 909 20 128 
 
The first Steel grade (15CrMoV5-9) has a carbon content of 0.15 wt% (low carbon steel) and steel 
grades 2-4 have an amount slightly above 0.3 wt% (medium carbon steels). The steels are alloyed 
with various contents of the nitride forming elements Cr, Mo, V and Al (Table 3-1), where steel 
grade 1 has especially a high amount of Mo, steel grade 2 contains a high amount of Cr and the 
latter two steel grades (3 and 4) also have a high amount of Al. The 34CrAlNi7 steel is alloyed 
with Ni to improve the toughness of the material. Table 3-3 shows the standard free enthalpies of 
formation of different nitrides. The nitride forming alloying elements content will affect the 
nitriding case differently: for example to stabilize Mo2N a relatively high concentration of Mo (or 
N) is needed. Mo is not considered a traditional nitride forming element, but rather an alloying 
element to improve the through hardenability. In contrast VN already forms at low vanadium 
concentration [107] and by alloying with Al, with the highest standard free enthalpy of nitride 
formation, especially a high surface hardness is achieved [90]. 
Table 3-3. Standard free enthalpies of formation of different nitrides at 298K and 1 atm [86], [107], [108]. 
Nitride Standard free enthalpy (kJ/mol) 
ε-Fe2-3N -3.76 
γ’-Fe4N -10.9 
Mo2N -69.4 
CrN -114 
Cr2N -118 
VN -251 
AlN -320 
 
All steel grades have been delivered in hardened, tempered and subsequently stress relieved 
condition, resulting in a microstructure consisting of tempered martensite. The tempering 
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temperature is above the subsequent nitriding temperature to guarantee microstructural stability 
during nitriding. The different heat treatment conditions are clarified in Table 3-4.  
Table 3-4. Heat treatment of the different nitriding steels from inspection certificates, * specifications of No. 3 
according to EN 10085, specific heat treatment information was not available in the certificate. 
No. 
Steel grade (acc. to 
DIN EN 10027) 
Austenitization 
temperature [°C] 
Quenching 
medium 
Tempering 
temperature[°C] 
1 15CrMoV5-9 930 Water 650 
2 31CrMoV9 950 Water 750 
3 34CrAlMo5* 870-930* Oil/Water* 580-700* 
4 34CrAlNi7 1000 Water 660 
 
For 34CrAlMo5 no precise information on the conducted heat treatment was available from the 
specification certificate of the producer. Based on the mechanical properties it is assumed that the 
tempering temperature was at the higher end of the temperature range specified in EN 10085 (close 
to 700 °C). 
Rolling contact fatigue testing 
Rolling contact fatigue testing at the national Centre for Advanced Tribology at Southampton 
(nCATS) was performed with rollers made from three different materials. On the basis of nitriding 
experiment results and preliminary microstructure investigations two nitriding steel grades were 
chosen: Steel grade 1 (15CrMoV5-9) and steel grade 4 (34CrAlNi7). 
In addition, rollers made from standard 100Cr6 (steel grade name according to DIN EN 10027, 
equivalent steel grades are AISI/SAE 52100 and JIS SUJ2) bearing steel were used. This steel 
grade was chosen as it is the most widely applied through hardened steel grade in small to medium 
sized rolling element bearings. As a wealth of other test studies (cf. section 2.2.2) have been 
published using this steel grade it is considered the ideal reference for the current investigation2. 
Furthermore the tests to reproduce and investigate rolling contact fatigue failure associated with 
the formation of white etching cracks at DTU Mechanical Engineering were performed using 
rollers made from the same 100Cr6 steel grade.  
                                                 
2 It is noted that 100Cr6 was not investigated in nitrided condition as the 15CrMoV5-9 and 34CrAlNi7 rollers. Since 
all Cr in 100Cr6 is bound in carbides no substantial hardening can be expected during nitriding. Such hardening relies 
mainly on the development of small platelike CrN. Instead, on nitriding 100Cr6 the carbides will be (partially) 
converted into nitrides and the released C will develop Fe-based carbides. 
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The chemical composition specifications of the 100Cr6 steel grade are shown in Table 3-5. The 
steel contains around 1 wt% carbon to guarantee sufficient hardness and the chromium content of 
around 1.5 wt% improves the through hardenability of the steel and the hardness by its carbide 
forming ability.  
Table 3-5. Chemical composition range of 100Cr6 steel, according to DIN EN ISO 683-17, in wt%. 
C Si Mn P S Cr Mo Cu Al 
0.90-1.05 0.15-0.35 0.25-0.45 ≤0.025 ≤0.015 1.35-1.60 ≤0.10 ≤0.30 ≤0.05 
 
The steel was austenitized at 850 °C, quenched in oil and tempered twice for one hour at 180 °C 
resulting in a martensitic microstructure with some retained austenite. Typical mechanical property 
ranges, dependent on heat treatment, are shown in Table 3-6. The very low elongation at fracture 
shows that 100Cr6 in the quenched and tempered condition has a very low ductility. Therefore it 
is also difficult to obtain meaningful data from tensile tests [33] and hardness values are often 
given instead. The maximum hardness in soft annealed condition is defined according to DIN EN 
ISO 683-17 as 207 HBW (Brinell hardness scale with tungsten carbide indenter) and typical 
surface hardness values are around 60 HRC (Rockwell hardness C scale).  
Table 3-6. Typical mechanical properties of 100Cr6 according to [33]. 
Steel grade  
(acc. to DIN EN 
10027) 
0.2 % proof 
stress 
(Rp 0.2) [N/mm2] 
Tensile 
strength  
Rm [N/mm2] 
Elongation at 
fracture  
A5 [% ] 
Hardness 
[HRC] 
100Cr6 1400-2200 2150-2450 1-2 ~ 60 
 
3.2 Metallographic investigations 
3.2.1 Microscopy (RLM, SEM and TEM) 
Reflected light microscopy (RLM) 
To investigate fracture surfaces with RLM (fractography) a Leica MZ 125 stereo microscope with 
a magnification range of 8x-100x and equipped with a Leica DFC450C camera (cooled CCD) was 
used. 
Cross sections for microstructural investigations were generally cut in two mutually perpendicular 
directions, parallel to the overrolling direction (axial cross sections) and normal to the overrolling 
direction (circumferential cross sections). Several other terms for describing the orientation of 
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cross sections of rings or rollers are used in literature, and the terms axial and circumferential are 
used inconsistent or contrary. The naming used in this work refers to the direction normal to the 
investigated surface.  
For microstructure investigations of cross section samples were hot mounted. To ensure good edge 
retention an epoxy resin with high contents of mineral and glass filler or a diallylphtalate resin 
containing glass filler only was used. The samples were ground using grinding discs with a grit-
size of 80 and 1200 and subsequently using SiC papers of 1000 and 4000 grit size. Afterwards 
they were polished using 3 µm and 1µm diamond suspension. The usually applied grinding and 
polishing times can be found in Table 3-7. Before the investigations the samples were etched using 
a 2 % Nital solution (2 ml HNO3 in 98 ml ethanol) or Murakami’s reagent (10 mg K3Fe(CN)6 and 
10mg KOH in 100 ml water). 
Table 3-7. Grinding and polishing times of sample preparation for metallography. 
 
Diamond  
grinding discs 
SiC grinding  
papers 
Polishing diamond 
suspension 
Grit-size/ 
diamond diameter 
80 1200 1000 4000 3 µm 1 µm 
Time [min] 6 6 2x3 2x3 3 3 
 
For investigation of the mounted and polished samples an Olympus CK40M microscope equipped 
with a Leica DFC450C camera (cooled CCD) allowing magnifications of 50, 100, 200 and 500 
times was used.  
Scanning electron microscopy (SEM) 
Before the investigations the mounted, polished and etched samples were sputter coated with a 
thin carbon layer to guarantee sufficient conductivity, SEM micrographs were obtained using a 
JEOL JSM-5900 SEM, a FEI Inspect S SEM and a Phenom ProX Desktop SEM. Furthermore the 
installed energy-dispersive X-ray spectroscopy (EDS) detectors were used to gain information 
about the chemical composition. An acceleration voltage of 5 kV, 10 kV, 15 kV or 20 kV was used 
(for EDS only 15 and 20 kV). Both secondary electron and backscattered electron images were 
investigated. 
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Transmission electron microscopy (TEM) 
Specimens were prepared using two different preparation methods: electrolytic thinning of thin-
foils and focused ion beam (FIB) milling of site-specific lamellae. 
Thin-foils were produced from bulk material as well as from the subsurface, WEC containing, 
region. Firstly slices of the material were thinned to approximately 120 µm by manually grinding 
with SiC grinding paper (220 grit-size). Subsequently, discs of 3 mm diameter were punched out 
and electrolytically thinned simultaneously from both sides in a Struers TenuPol-5. The 
electrolytical polishing was stopped, when a small hole appeared in the middle, controlled by an 
infrared light source. The vicinity of the hole is permeable for electrons and can be examined by 
TEM. 
Thin lamellae of specific WEA containing sites were made using a FEI Quanta 200 3D dual-beam 
SEM equipped with an additional Ga+ ion source for FIB milling. The designated area is 
disconnected from the matrix, lifted out and fixed to a TEM Grid. Finally, the lamella was thinned 
to the desired thickness of <100 nm by further FIB milling. 
The samples were investigated in a JEOL 3000 F FEG transmission electron microscope at an 
acceleration voltage of 300 kV. Bright field, dark field as well as energy-filtered transmission 
electron microscopy (EFTEM) were used as operation modes. Furthermore energy-dispersive X-
ray spectroscopy (EDS) was conducted using the installed EDS detector. 
3.2.2 Electron backscatter diffraction (EBSD) 
For EBSD the samples were sectioned and subsequently hot mounted. A slightly lower mounting 
temperature than usually recommended was used to allow easier removal from the mount after 
grinding and polishing. The same grinding and polishing steps as for RLM were applied and the 
samples were nital etched to reveal WECs. Then microhardness indents were made close to the 
WEC networks to facilitate their identification in the SEM in unetched condition. Subsequently, 
the samples were re-polished finishing with 0.25 µm diamond suspension and finally mechanical 
polishing using colloidal silica (oxide polishing suspension (Struers OP-S)) with a diameter of 
0.035 µm was conducted. The OP-S polishing is needed as a last step to remove deformation to 
obtain high quality EBSD patterns. Long-time polishing with OP-S creates significant surface 
topography by preferentially removing the matrix rather than the carbides. Thus OP-S polishing 
was limited to two minutes. After polishing the samples were removed from the resin mount and 
glued to an EBSD sample-holder using silver paint. 
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A dual-beam FIB-SEM FEI Helios EBS3 equipped with electron backscatter diffraction 
equipment was used for EBSD studies of the WECs in the microstructure. The investigations were 
performed at acceleration voltages of 15, 18 or 20 kV. Ferrite as well as iron carbide lattices were 
used for indexation. The respective settings as well as step sizes are found in the captions of the 
EBSD map figures. The raw data was processed using EDAX OIM Analysis 6. Firstly, the 
confidence index (CI) of the map points within a recognized grain was assigned to the highest CI 
value found in the corresponding grain (a grain was defined as a region consisting of at least four 
connected points with misorientations less than 5°). This clean-up process is called grain CI 
standardization. Secondly, the orientation of points not belonging to a defined grain (same grain 
definition used as for grain CI standardization) were changed to the orientation of the majority of 
neighbouring points belonging to the same grain, this clean-up process is referred to as grain 
dilatation. Finally, all data points with a confidence index smaller than 0.1 were disregarded. 
3.2.3 Ion channelling contrast imaging (ICCI) 
Microstructure investigations by ion channelling contrast imaging were performed with the dual-
beam FIB-SEM FEI Helios EBS3 at the same locations as some of the EBSD investigations. No 
additional sample preparation was necessary. High resolution images were recorded using Ga+ 
ions with energy of 30 keV such that the ion beam was perpendicular to the sample surface. The 
ion beam is interacting with the material and introduces changes in the surface-near regions such 
as implanting Ga and sputtering away material from the surface region that is investigated. A Ga+ 
fluence has to be found that allows for sufficient signal to identify the microstructure and leads to 
minimal damage retaining the actual microstructure. For image acquisition in this study the 
optimum ion densities of 1.9 or 3.8 C/m2 were found. Sufficient signal for a good optimum contrast 
as well as no visible grain growth, contrast changes and topography formation was obtained.  
3.2.4 Microhardness measurement 
During the analysis of rolling element bearings microhardness measurements were carried out 
according to EN ISO 6507-1 using a Future tech FM-700 microhardness tester with a Vickers 
diamond. Test loads of 0.005 kgf (HV 0.005) and 0.01 kgf (HV 0.01) were used, corresponding to 
0.04903 N and 0.09807 N respectively. 
The same microhardness tester was used to determine depth-profiles of the hardness of nitrided 
samples (as well conducted according to EN ISO 6507-1). Test loads of 0.05 kgf (HV 0.05), 
corresponding to 0.49033 N were used.  
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3.3 Glow discharge optical emission spectroscopy (GDOES) 
GDOES was performed for depth profiling of chemical composition using a Horiba Jobin Yvon 
GD-profiler 2. In GDOES, argon ions in glow discharge plasma are bombarding onto the sample 
surface that is used as the cathode. Sputtering removes material layer by layer from the sample 
surface. The atoms or ions that are sputtered from the sample surface are excited by the plasma 
and emit a characteristic spectrum that is analysed by the spectrometer. The voltage of the 
characteristic spectra is recorded versus sputtering time. Reference standards with known chemical 
compositions are used for quantification and relating the concentrations to depth by determination 
of the sputtering rate. A 4 mm anode, a pressure of 650 Pa and a power of 40W were applied.  
3.4 Deep nitriding experiments 
3.4.1 Sample preparation 
Nitriding samples were cut from steel bars with 70 mm diameter of the four different commercial 
nitriding steels (see section 3.1.2). Small disc-shaped as well as cuboid samples (under 5g) were 
used for thermogravimetric experiments (only 34CrAlMo5). For experiments in a semi-industrial 
furnace discs with a thickness of around 5 mm were cut into nine samples according to Figure 3-1 
of all steel grades.  
The different samples were ground with grid 1000 SiC paper as the final step. To study the effect 
of different surface roughness on nitriding some of the sample surfaces were ground with grid 
4000 SiC paper subsequently. After preparation and prior to nitriding experiments the samples 
were cleaned with ethanol and acetone. 
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Figure 3-1. Discs of the 70mm steel bars cut into nine samples for the experiments in the large industrial 
furnace. 
3.4.2 Heat treatments before nitriding 
In most cases the test samples were in heat treated condition as delivered by the supplier (see 
section 3.1.2). For some of the tests a prior heat treatment was conducted using a furnace with a 
tube chamber.  
Heat treatments to study the influence of different microstructures on nitriding 
Three samples of 34CrAlMo 5 were austenitized for 1 hour at 900 ºC. One of them was 
subsequently quenched in oil and tempered at 600 °C for one hour to achieve a tempered martensite 
microstructure. The tempering temperature was chosen based on the tempering diagram (Figure 
3-2) to achieve a hardness around 35 HRC. 
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Figure 3-2. Tempering diagram of 34CrAlMo5, the chosen temperature of 600 °C to achieve a hardness of 35 
HRC is marked, from [109]. 
The two other samples were directly transferred to a lead bath that was kept at 420 °C for 
austempering. One sample stayed in the lead bath for 15 minutes and the other sample for 20 
minutes to achieve a bainitic microstructure based on the TTT diagram shown in Figure 3-3. 
 
Figure 3-3. Isothermal Time-Temperature-Transformation diagram of 34CrAlMo5, from [109]. 
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Figure 3-4 shows micrographs of the resulting microstructures in the core of the samples of the 
three heat treatments conducted and the microstructure of the sample in the as delivered condition 
(see section 3.1.2). The characteristic martensitic microstructure can be identified in samples HT3 
and HT4. In samples HT1 and HT2 a clear identification of the microstructure is more difficult. 
Some temperature loss of the furnace chamber, where the lead bath was kept, was identified. 
Furthermore, the hot sample may have heated up the lead bath. Therefore the temperature in the 
lead bath was difficult to control and it cannot be known for sure if the temperature was constant 
and thus it can only be assumed that a certain amount of bainitic microstructure was achieved.  
 
Figure 3-4. RLM images (cross sections etched with nital) of the microstructure after the different heat 
treatments (austenitization for 1 hour at 900 °C): HT1) kept at 420 °C for 151 minutes, HT2) 420 °C /20 
minutes, HT3) quenched and tempered at 600 °C for 1 hour, HT4) in as delivered condition (quenched & 
tempered). 
Heat treatment in reducing atmosphere 
To study the effect of a prior heat treatment in a reducing atmosphere on the formation of grain 
boundary cementite during nitriding (see section 2.3), samples made from the four nitriding steel 
grades (15CrMoV5-9, 31CrMoV9, 34CrAlMo5 and 34CrAlNi7) were austenitized by heating to 
1050 °C in 30 minutes and keeping at 1050 °C for 30 minutes. During the austenitization a constant 
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gas flow of 1 l/min hydrogen was led through the furnace. Subsequently the samples were gas 
cooled in the furnace to achieve a bainitic microstructure (See Figure 3-5). It has to be mentioned 
that the thermocouple was not welded to the samples, so the actual time-temperature slope could 
slightly differ from the recorded one and a slightly slower cooling could be achieved.  
 
Figure 3-5. Time-Temperature plot to illustrate the applied cooling after the heat treatment in reducing 
atmosphere to achieve a bainitic microstructure. 
Table 3-8 shows the hardness of the four different steel grades after the heat treatment (HV 0.05). 
The hardness corresponds to the expected hardness of a bainitic microstructure. 
Table 3-8. Hardness of the 4 different samples measured after the heat treatment (HV 0.05). 
15CrMoV5-9 31CrMoV9 34CrAlMo5 34CrAlNi7 
328  371 310 436 
 
3.4.3 Furnaces and procedures for deep nitriding 
Thermobalance experiments 
Initial nitriding experiments were conducted with the small disc-shaped or cuboid-shaped samples 
(up to 5g) made from 34CrAlMo5. These experiments were conducted using a Netzsch STA 449C 
Jupiter thermobalance allowing thermogravimetric analyses (Figure 3-6). It can operate in a 
temperature range of 25 °C to 1600 °C and heating rates of 0.1 K/min to 50 K/min can be used. 
The gas flow at the inlet is regulated by Brooks mass flow controllers (5850S) controlled by a 
Brooks 0254 control unit and the reactive gases H2 and NH3 are led into the lower part of the 
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furnace chamber and mixed. Samples were exposed to the gas mixture that flows upwards through 
the furnace chamber; finally leaving it at the gas outlet on top. 
 
Figure 3-6. Schematic view of the Netzsch STA 449C Jupiter thermobalance. 
In addition N2 as a protective gas was led into the balance chamber to protect the electronics from 
NH3; the protective gas flow was set to 5 ml/min N2 in all the experiments at all the time. The 
reactive gases were led into the furnace chamber after evacuating and flushing with N2. When 
reaching a constant weight the time-temperature program was started and the mass uptake was 
recorded. 
In total four different experiments were conducted in the thermobalance with 34CrAlMo5 samples. 
The first three experiments (TG1, TG2 and TG3) were used to get a first estimate of the 
temperature and nitrogen potential necessary to achieve a case with the desired properties, i.e. a 
deep diffusion zone, no or only a thin, non- porous compound layer and a shallow decrease in the 
hardness profile. The effect of a temperature boost, a higher nitrogen potential boost on the mass 
uptake as well as the nitriding case depth and compound layer were investigated. The time-
temperature plot and the 3 different holding times for the first 3 experiments can be found in Figure 
3-7. The furnace chamber was heated at 10 K/min to the corresponding nitriding temperature. For 
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the experiments TG1 and TG2 the temperature was kept at 530 °C for 48 hours and 95 hours 
respectively. In experiment TG3 the furnace chamber was heated to 560 °C and after 24h the 
temperature was lowered to 530 °C and nitriding continued until the total time of 60 hours was 
reached. 
 
Figure 3-7. Time-Temperature plot of the three initial thermobalance experiments TG1, TG2 and TG3. 
The gas flow through the chamber in experiment TG1 was set to 100 ml/min NH3 in the beginning 
and after 20.5 hours 50 ml/min H2 was added. Finally, after 28 hours, the gas flow was set to 50 
ml/min NH3 and 50 ml/min H2. In the thermobalance the nitriding potential KN can be directly 
calculated from the NH3 and H2 gas flows according to equation 2.8 (see section 2.3.2), due to the 
small chamber volume and the direct exposure of the samples to the gas. For TG1 the 
corresponding nitriding potentials are KN=∞ bar -1/2 (100 ml/min NH3) in the beginning, KN=3.52 
bar -1/2 after 20.5 hours (100 ml/min NH3 and 50 ml/min H2) and KN=1.45 bar -1/2 after 28 hours (50 
ml/min NH3 and 50 ml/min H2), as shown in Figure 3-8. The gas flow of experiments TG2 and 
TG3 was set to 30 ml/min NH3 and 50 ml/min H2 during the whole nitriding, corresponding to a 
nitriding potential of KN=0.78 bar -1/2. In the fourth thermobalance experiment (TG4) the three 
differently heat treated samples (34CrAlMo5, see section 3.1.2 under “Heat treamtents to study 
the influence of different microstructures on nitriding”) were nitrided simultaneously for 65 hours 
at 530 °C with a gas flow of 10 ml/min NH3 and 40 ml/min H2, corresponding to a nitrogen 
potential of KN=0.29 bar -1/2, to see possible effects of the different heat treatments on the nitriding 
process. Individual mass uptake could not be investigated as the samples were nitrided 
simultaneously. 
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Figure 3-8. Overview over the gas flows and corresponding nitriding potentials KN [(bar)-1/2] of experiment TG1 
over time. 
Experiments in semi-industrial furnace 
Semi-industrial scale treatments were done in a LAC PKRC 55/09 furnace (See Figure 3-9). This 
furnace is retrofitted for gaseous nitriding and modified to assure a constant temperature 
distribution. The gas flow at the input is regulated by Brooks mass flow controllers (5850S) 
controlled by a Brooks 0254 control unit. Prior to experiments the furnace was evacuated and 
flushed with nitrogen several times to ensure that heating of the furnace was done under nitriding 
gas conditions. Inside the chamber, close to the samples, a thermo-element is installed to control 
the time-temperature program. 
Due to the large furnace chamber wall area and volume and gas circulation the calculation of the 
nitrogen potential is not possible as in the thermobalance experiments. As dissociation of NH3 will 
occur and the exact gas circulation is unknown a measuring instrument to quantify the exact 
atmosphere composition is needed to calculate KN. Such instrument is not installed in the LAC 
PKRC 55/09, but based on the experiences of the prior experiments an assumption on the nitriding 
parameters was made. Samples made from 15CrMoV5-9, 31CrMoV9, 34CrAlMo5 and 
34CrAlNi7 were treated (see section 3.1.2). The two large surfaces of the samples were ground 
differently with 1000 SiC paper as the last step and 4000 SiC respectively to see whether the 
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surface affects the nitriding response. They were deep nitrided for 100 hours at 530°C and the gas 
flow was set to 1 l/min NH3, depicted as experiment LAC 1 subsequently. 
 
Figure 3-9. Semi-industrial furnace LAC PKRC 55/09 for nitriding experiments, Brooks mass flow controllers 
(5850S) installed on the right side. 
To hinder the formation of grain boundary carbides/nitrides during nitriding two different 
approaches were followed. The idea is to remove carbon from the case of the steel. Thereby, less 
carbon is pushed into the material during nitriding and precipitation as cementite on the grain 
boundaries is limited.  
Firstly, oxynitriding was tried, where oxygen gas is added to the atmosphere during nitriding so 
that CO/CO2 can form at the surface. In the oxynitriding experiment the parameters were kept 
constant as in experiment LAC 1 and it is called LAC 2 in the following. In addition to the nitrogen 
gas flow the oxygen gas flow was set to 5 ml/min O2. 
In the other approach a reducing atmosphere with H2 was used to remove the carbon during the 
prior heat treatment before the nitriding by the formation of CH4 at the surface (cf. section 3.4.2). 
Subsequently, the samples were nitrided together with samples that were heat treated at the 
supplier and in the as delivered condition (as in LAC 1 and LAC 2) for 80 hours at 530 °C with a 
nitrogen gas flow of 1 l/min (Depicted as LAC 3). 
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3.5 Rolling contact fatigue testing 
3.5.1 RCF testing to reproduce WECs and investigate the effect of hoop stress3 
The test-rig 
The RCF tests at DTU Mechanical Engineering were performed using a custom build two roller 
test-rig. Figure 3-10 shows a schematic view of the test-machine.  
 
Figure 3-10. Schematic view of the rolling contact test-rig at DTU Mechanical Engineering. 
The rollers are mounted on the shafts that are driven by two separate motors. They have a conical 
bore fitted onto a corresponding cone on the shaft. By the axial positioning of the roller on the 
shaft, the contact pressure between the shaft and the roller can be controlled. Drive shaft 2 is 
connected to the master motor and shaft 1 to the slave motor respectively. The drive shafts are 
capable of rotating at frequencies between 0 and 50 Hz and by letting the shafts rotate at different 
frequencies relative slip between the rollers can be introduced. This allows for rolling or sliding 
conditions. The two roller surfaces are brought in contact by applying a normal load using the 
hydraulic cylinder displayed in Figure 3-10. For lubrication an inlet above the contact between the 
two rollers is installed to allow the oil to flow into the contact. Mobil Delvac synthetic gear oil 
75W-140, a fully synthetic, heavy duty drivetrain lubricant was used. Its viscosity is 182 cST at 
                                                 
3 The RCF test were performed in collaboration with Shravan Janakiraman at DTU Mechanical Engineering, conjoint 
publications have been published or submitted for publication and can be found in the list of publications.  
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40 °C and 25 cST at 100 °C (1 cST (centistokes) = 10−6 m2·s−1). The lubricant is not pressurised 
and falls freely from a distance of 2 cm above into the conjunction between the rollers. The 
interfacial torque between the two surfaces generated during slip can be measured by a torque 
transducer installed on shaft 2. This is used for automatic failure detection. When a roller fails the 
torque readings will start fluctuating widely setting off an alarm and automatically shutting down 
the test-rig.  
Test rollers 
In this study rollers with an outer diameter of 70 mm and an axial width of 10 mm were used. One 
roller had a flat raceway and the other had a chamfered surface with a raceway width of 4 mm or 
7 mm and an angle of the chamfer of 10° and 45° respectively (cf. Figure 3-11). Even though the 
axial width of the chamfered rollers varied, the load was adjusted such that the contact pressure at 
conjunction of the rollers was kept constant. The inner diameter of the rollers was tapered at 2.86° 
for the conical fitting on the shafts. The rollers used in this study were all made from standard 
100Cr6 bearing steel (cf. section 3.1.2 for description of the material). 
 
Figure 3-11. Test-roller geometry: Tests were run with one roller with a flat raceway (left) against a chamfered 
surface with a raceway with of 7 mm (middle) or 4 mm(right). 
Hydrogen charging 
Prior to testing the rollers were charged with hydrogen by immersion in ammonium thiocyanate 
(NH4SCN) aqueous solution. The hydrogen charging was initially done under conditions similar 
to those used by others for RCF testing to reproduce WEC formation [40], [47]. The rollers were 
wiped clean with a paper towel and subsequently cleaned with ethanol. The rollers were immersed 
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in 20 wt% NH4SCN-solution at 50 °C for 48 hours. There was no possibility to measure the 
hydrogen concentration quantitatively and only a qualitative measurement was performed using 
GDOES (cf. section 3.3). Due to the lack of appropriate standards with known hydrogen 
concentration, no calibration could be performed and consequently only the measured voltage 
(proportional to concentration) versus the sputtering time (proportional to depth) is shown in 
Figure 3-12 of an uncharged and a charged sample. It can only be concluded that the charging had 
an effect on the hydrogen concentration, in particular close to the surface. 
 
Figure 3-12. Voltage versus sputtering time determined by GDOES of a charged (initial charging conditions: 
48 hours in 20 wt.% NH4SCN solution) and uncharged sample. 
After this initial hydrogen charging small micro-sized dents formed on the rollers that could still 
be observed on the surface after testing (Figure 3-13).  
 
Figure 3-13. Micro dents formed during the hydrogen charging on the surface of one of the insufficient cleaned 
rollers, still observed after testing. 
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After a first series of RCF tests on these insufficiently cleaned rollers the cleaning process was 
improved by using toluene and acetone. After cleaning the rollers with a paper towel they were 
immersed in toluene for 4 minutes and subsequently in acetone for 4 minutes. The charging was 
then repeated under the same conditions (20 wt% NH4SCN-solution, 50 °C, 48 hours). By cleaning 
the rollers the formation of micro dents on the surface was eliminated. However, the fully cleaned 
rollers experienced brittle fracture during mounting on the shaft. It is likely that an enhanced 
hydrogen concentration in the material due to increased hydrogen diffusion into the cleaned 
surface embrittled the material. When mounted, the applied tensile stress caused brittle fracture. 
Consequently the concentration of the thiocyanate solution was decreased from 20 wt% to 12 wt% 
and the immersion time was decreased from 48 hours to 24 hours. No fracture occurred during 
mounting after reducing the concentration of the NH4SCN-solution and the immersion time.  
Test parameters 
Table 3-9 gives an overview over the test parameters that were applied. Depths of maximum stress 
were calculated according to [18]. 
Table 3-9. Test parameters for the RCF tests performed at DTU Mechanical Engineering. 
Maximum Hertzian contact pressure (pH) 1.65 GPa 
Contact half width b 0.55 mm 
Depth of max. shear stress z(τmax) 0.395 mm 
Depth of max. orthogonal shear stress z(τ0) 0.275 mm 
Slide/Roll ratio (SRR) 0 (pure rolling) 
Lubricant Mobil Delvac synthetic gear oil 75W-140
Oil temperature at the inlet ~35 °C 
Inlet lubricant velocity 20 m/s 
Motor speed 38 Hz (2280 rpm) 
Surface roughness after hydrogen charging Ra=0.15 µm 
 
Initial experiments (test series 1) were conducted on the first set of hydrogen charged rollers that 
were cleaned insufficiently and showed micro dents on the surface. These experiments were used 
to check if WECs can be generated by this RCF test-rig and to calibrate the test-rig and input 
conditions. Rollers that were fully cleaned and treated with the changed hydrogen charging were 
tested applying two different hoop stress levels applied by different axial positions on the shaft 
(test series 2 and 3). The hoop stress levels were calculated analytically according to equations 
3.1-3.3: 
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where pf is the fit pressure, rf is the fit radius, rb is the outer radius of the hub and ν is the Poission’s 
ratio. 
The RCF tests were run until one of the rollers failed. Table 3-10 gives an overview over the three 
different test series, the applied hydrogen charging, the calculated hoop and radial stress levels as 
well as the failed rollers that have been investigated. 
Table 3-10. Overview of the three different test series performed on the test-rig at DTU Mechanical Engineering 
on 100Cr6 rollers, denomination of the rollers was done at the manufacturer randomly. 
Test 
series 
Hydrogen 
charging 
Tensile hoop 
stress level 
Compressive radial 
stress level 
Failed rollers 
1 
20 wt%, 50 °C, 
48 h 
350 MPa -110 MPa 
A4, A8, A11, A15, 
B5, B11 
2 
12 wt%, 50 °C, 
24 h 
440 MPa -138 MPa 
A19, A20, B23, 
B24, B26, A27 
3 
12 wt%, 50 °C, 
24 h 
540 MPa -165 MPa 
A26, B28, A29, 
B30, B33 
 
In addition to these test series, one reference test was run with the test conditions used for series 
3, but without pre-charging with hydrogen (roller A24). 
Sectioning for microscopic analysis 
The fractured rollers were sectioned for microscopic investigations. After the investigation of the 
fracture surface (normal to the circumferential direction), the fracture surface was mounted, 
ground and polished to look at a circumferential cross section just below it. If no WECs were 
found in the circumferential cross section, axial cross sections were prepared as well, however no 
serial sectioning of the rollers was performed.  
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3.5.2 RCF Testing of surface engineered rollers4 
The TE-74S test-machine 
The rolling contact fatigue tests at nCATS in Southampton were performed using a Plint TE-74S 
two-roller standard capacity tribometer, the same machine used by Evans in his studies of white 
structure flaking failure [17]. Figure 3-14 shows a schematic view of the test-machine and a top 
view of the tribometer is given in Figure 3-15. 
 
Figure 3-14. Schematic view of the Plint TE-74S tribometer, here with rollers of 52 and 26 mm diameter 
mounted as used in this work and previously by Evans [17]. 
 
Figure 3-15. Top view of the TE-74S tribometer [17]. 
The rollers are mounted on shafts that are driven separately by two motors, one providing the input 
power (master drive) and one to absorb the transmitted power, allowing a variable slide/roll ratio 
                                                 
4 These RCF tests were performed by Alex Richardson, Viktorija Smelova and Frederik Leggate at the national Centre 
of Advanced Tribology at Southampton (nCATS). 
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(SRR). The two motors incorporate 5.5 kW and have a maximum speed of 3000 rpm and the shaft 
centre distance is 40 mm. Loads of up to 12kN can be applied pneumatically by the load arm and 
the test-machine is equipped with a lubricant service module incorporating a sump tank with 
immersion heater, delivery pump, scavenge pump and oil to water heat exchangers for cooling. 
Furthermore a vibration sensor is installed to detect rolling fatigue failure. [110] 
Test rollers 
In this study rollers with an outer diameter of 40 mm and an axial width of 10 mm were used. One 
roller had a flat raceway and the other had a crowned raceway with a crown radius of 20 mm (cf. 
Figure 3-16).  
 
Figure 3-16. Test-roller geometry: 40 vs 40 mm diameter rollers with a flat and a crowned raceway. Adapted 
from [17], [111]. 
Rollers made from 100Cr6, 15CrMoV5-9 and 34CrAlNi7 steels were supplied for the tests. The 
rollers made from the nitriding steel grades 15CrMoV5-9 and 34CrAlNi7 were deep nitrided prior 
to the tests in the LAC semi-industrial furnace under the same conditions as the samples for the 
nitriding experiments (cf. section 3.4.3). Based on the prior nitriding experiments the rollers were 
nitrided for 100 hours at 530 °C with a NH3 gas flow of 1 l/min. Figure 3-17 shows the installation 
of the rollers in the furnace prior to the nitriding treatment. The rollers were hung on a stainless 
steel wire to ensure that all surfaces were accessible for the nitriding gas.  
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Figure 3-17. Two pairs of test-rollers made from 15CrMoV5-9 and 34CrAlNi7 installed in the LAC furnace 
prior to the nitriding process. 
After nitriding the change in surface roughness and dimensions caused by the nitriding treatment 
were measured by the metrology lab of DTU Mechanical Engineering, illustrated in Figure 3-18.  
 
Figure 3-18. a) Positions where the roughness was determined with a measure range of 4 mm and 5 profiles in 
total in each direction, b) The inner diameter D was determined by measuring four circles of 24 points each 
placed at 2 mm, 4 mm, 6 mm and 8 mm distance from the roller side in axial direction. The Width W of the 
keyway was measured at four positions at 2 mm, 4 mm, 6 mm and 8 mm distance from the roller side in axial 
direction. 
Subsequently all 3 pairs of test-rollers (100Cr6, 15CrMoV5-9 and 34CrAlNi7) were charged with 
hydrogen at nCATS prior to the RCF tests by immersion in 8 wt% ammonium thiocyanate 
(NH4SCN) aqueous solution at 50 °C for 48 hours. The concentration of 8 wt% was chosen, based 
on the study of hydrogen charging on WEC/WEA formation in 100Cr6 rollers [17], where 
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WEC/WEA formation thresholds for hydrogen concentration, load and number of cycles was 
assessed. It was found that rollers charged in 5-20 wt% NH4SCN-solution, under specific 
controlled conditions, formed WECs during testing, whereas tests with rollers charged with lower 
concentration of the solution (1-2.5 wt% NH4SCN) only created butterflies and no WECs were 
found. The set-up for the hydrogen charging used at nCATS is shown in Figure 3-19. [111] 
 
Figure 3-19. Set-up used at nCATS for the hydrogen charging, not scaled [111]. 
After hydrogen charging the sample surface roughness was measured again at nCATS (in axial 
and circumferential direction at four positions) and the rollers were slightly buffed to remove a 
thin corrosion layer. Due to the complexity of hydrogen content determination and lack of time 
the hydrogen content in the rollers after charging was not determined. Based on prior 
measurements on hydrogen charged rollers made from 100Cr6 in the same set-up [17], the bulk 
concentration of diffusible hydrogen in 100Cr6 rollers is estimated to be around 0.3-0.4 ppm [111]. 
Test parameters 
Table 3-11 gives an overview over the chosen test-parameters. The contact pressure of 2 GPa was 
chosen as typical loads in wind turbine bearings are 1-2 GPa [3], [6], [7] and also, to be able to 
compare current results with earlier test results from this test machine [17]. These earlier tests 
showed that a minimum number of cycles of 10x106 at 2GPa is needed to form WECs. This data 
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determined the minimum number of cycles for the present study. Based on the available time, each 
test was planned to run for 10 days, resulting in approximately 37x106 cycles at a speed of 2600 
rpm. The SRR was set to 0 as no slip was desired in the tests. PAO oil and an inlet temperature of 
70 °C were chosen in accordance with wind turbine gearboxes and in accordance with earlier 
experiments at nCATS. [111] 
Table 3-11. Test parameter for the RCF tests performed at nCATS on the TE-74S tribometer (from [111]), 
depth of maximum orthogonal shear stresses calculated according to [18]. 
Maximum Hertzian contact pressure 2 GPa 
Depth of maximum shear stress z(τmax) 0.131 mm 
Depth of max. orthogonal shear stress z(τ0) 0.124 mm 
Slide/roll ratio (SRR) 0 (pure rolling) 
Max. test time/ rolling cycles 
10 days (for 24h) equivalent to ~ 37x106 
cycles 
Lubricant 
Premium synthetic oil PAO  
(poly alfa olefins) 
Oil temperature at inlet ~ 70 °C 
Speed 2600 rpm 
 
During the experiments the coefficient of traction, vibration sensor output and friction force were 
recorded and are given in Table 3-12 together with the actual run time and number of cycles of the 
three different tests.  
Table 3-12. RCF tests data, from [111] 
Test rollers 
Number of 
cycles 
Time 
Average coefficient 
of traction 
Vibration 
Average friction 
force 
100Cr6 36.3x106 
233 
hours 
0.0117 2.518 0.004 N 
15CrMoV5-
9 
36.8x106 
236 
hours 
0.0178 1.988 0.005 N 
34CrAlNi7 33.4x106 
214 
hours 
0.0133 2.142 0.004 N 
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Sectioning and microscopic analysis 
After a visual inspection the rollers were sectioned into segments for serial sectioning. Half of the 
segments were further sectioned, embedded and investigated at DTU, the remaining segments 
were investigated at nCATS in the same manner. Axial cross sections as well as circumferential 
sections were cut for microscopic analysis of the microstructure and to identify if WECs had 
formed. The cutting process is explained in Figure 3-20. For each roller two axial cross sections 
and one circumferential cross section were investigated. In the axial cross sections, starting at the 
edge of the wear track, material was removed by grinding in several steps to allow a microscopic 
analysis at different axial positions below the wear track.  
 
Figure 3-20. Cutting of the cross sections from the rollers: a) circumferential cross section, cut normal to the 
overrolling direction. b) axial cross sections, cut parallel to the overrolling direction. 
3.6 X-ray stress analysis (XSA) 
3.6.1 XSA of the test rollers used at nCATS 
3.6.1.1 Description of the equipment as well as data evaluation parameters 
XRD measurements were conducted in energy-dispersive diffraction mode at the EDDI (energy-
dispersive diffraction) beamline at the synchroton storage ring BESSY II of Helmholtz Zentrum 
Berlin. Figure 3-21 shows a schematic view of the set-up of the beamline.  
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Figure 3-21. Schematic view of the EDDI beamline showing its main components [112]. 
The wiggler is providing a high energy X-ray beam by emitting photons within an energy range 
of 8 keV to 120 keV. Before the beam meets the sample it passes several optical elements to 
attenuate the intensity of the beam and define the final beam shape. The energy-dispersive 
diffraction patterns are acquired with (liquid) N2 cooled LEGe semiconductor detectors from 
Canberra. The experimental parameters of the experiment can be found in Table 3-13. [112]  
Table 3-13. Experimental parameters of the EDDI beamline used for XSA on the rollers tested at nCATS [112]. 
Primary beam cross section 0.5 x 0.5 mm 
Absorber --- 
Secondary optics: 
Double slit system 0.03 x 8 mm (equatorial x axial), 
Δ2θ < 0.01° 
Diffraction angle 2θ = 16° 
XSA-Mode 
Symmetrical Ψ–Mode (reflection), ψ=0° …77° 
Δ(sin2ψ)= 0.05 
Detector Low energy solid state Ge detector (Canberra Model GL0110) 
Counting time per spectrum 60 s 
Evaluated diffraction lines 
Ferrite: 110, 200, 211, 220, 310, 222, 321, 330/411, 420, 332, 
431/510 
Austenite: 220, 311 
Fe4N: 111, 200, 220, 222 
Calibration Tungsten powder 
 
Diffraction lines were evaluated by least-squares fitting of the data with the pseudo-Voigt function. 
Absorption, Lorentz- and polarization factor correction (LPA correction) of the data was 
performed, and in case of energy-dispersive measurements the data was corrected for the wiggler 
spectrum and detector dead time induced diffraction line shifts. [112] 
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The diffraction elastic constants (cf. section 2.4.3) were calculated by the Eshelby-Kröner model 
[113], [114] using the single crystal elastic constants. Results for the major ferritic phase are shown 
in Figure 3-22 [112]: 
 
Figure 3-22. Diffraction elastic constants (DEC) of ferritic steel, evaluated by the models of Voigt, Reuss and 
Eshelby-Kröner, for cubic crystal symmetry plotted versus the orientation factor 3Γ=3(h2k2 +k2l2 + l2h2)/ (h2 
+k2 +l2)2 [112]. 
3.6.1.2 Tested rollers and applied methods 
In total five test roller pairs consisting of a flat and curved raceway used for the RCF tests at 
nCATS were measured prior to the RCF tests (see section 3.5.2 for roller design). One pair made 
from 100Cr6 (the reference material) as well as the rollers made from 15CrMoV5-9 and 
34CrAlNi7, both in nitrided (same nitriding parameters as used for the RCF tests: 100h at 530 °C 
with 1 l/min NH3, cf. section 3.4.3 and 3.5.2) as well as in non-nitrided condition. Table 3-14 gives 
an overview over the measured samples and the applied methods.  
For all 10 samples stress profiles in hoop and axial direction were measured using the sin2ψ-
method at one position of the circumference of the rollers. The mounting of six rollers for 
measuring residual stresses in the hoop direction is shown in Figure 3-23 and the set-up for 
measuring the axial residual stress in Figure 3-24, respectively. 
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Table 3-14. Overview over the 10 different samples investigated by XSA and the applied methods [112] 
Material Sample pair 
Bearing 
surface Measurements 
100Cr6 (hardened 
and tempered) No. 2 
flat (#1) 
- sin2ψ in hoop (φ=0°) and axial (φ=90°) 
direction 
- sin2ψ in hoop direction with rotation table 
(integration over the bearing surface) 
curved 
(#2) 
- sin2ψ in hoop (φ=0°) and axial (φ=90°) 
direction 
15CrMoV5  
(nitrided) No. 2 
flat (#3) 
- sin2ψ in hoop (φ=0°) and axial (φ=90°) 
direction 
- sin2ψ in hoop (φ=0°) and axial (φ=90°) 
direction at four different points on the 
bearing surface 
- sin2ψ in hoop direction with rotation table 
(integration over the bearing surface) 
- depth profiling in the scattering vector mode 
curved 
(#4) 
- sin2ψ in hoop (φ=0°) and axial (φ=90°) 
direction 
15CrMoV5  
(non-nitrided) No. 4 
flat (#5) 
- sin2ψ in hoop (φ=0°) and axial (φ=90°) 
direction 
- sin2ψ in hoop direction with rotation table 
(integration over the bearing surface) 
- depth profiling in the scattering vector mode 
curved 
(#6) 
- sin2ψ in hoop (φ=0°) and axial (φ=90°) 
direction 
34CrAlNi7 
(nitrided) No. 2 
flat (#7) 
- sin2ψ in hoop (φ=0°) and axial (φ=90°) 
direction 
- depth profiling in the scattering vector mode 
curved 
(#8) 
- sin2ψ in hoop (φ=0°) and axial (φ=90°) 
direction 
34CrAlNi7 
(non-nitrided) No. 4 
flat (#9) - sin
2ψ in hoop (φ=0°) and axial (φ=90°) 
direction 
curved 
(#10) 
- sin2ψ in hoop (φ=0°) and axial (φ=90°) 
direction 
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Figure 3-23. Mounting of 6 rollers in the diffractometer in a vise with very small contact pressure to avoid 
externally applied stress. Set-up for measuring residual stress in hoop direction (φ=90°), from [112]. 
 
Figure 3-24. Mounting of 6 rollers in the diffractometer in a vise with very small contact pressure to avoid 
influence of the residual stress state. Set-up for measuring residual stress in radial direction (φ=0°), from [112]. 
To investigate the dependency of the residual stress on the measuring point on the roller’s raceway, 
some samples were measured while rotating around their axis using a rotation table (samples #1,#3 
and #5, see Figure 3-25) or measured at different positions on the roller raceway by stepwise 
rotation of 90° around the roller axis (sample #3, see Figure 3-26). 
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Figure 3-25. Mounting of the samples on a rotation table: by continuous rotation during the measurement 
residual stress is integrated over the circumference of the roller raceway [112]. 
 
Figure 3-26. Mounting of the sample for residual stress measurements at four different discrete positions A, B, 
C, and D of the roller raceway aligned by stepwise rotation of 90° around the roller axis [112]. 
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The modified multi-wavelength method and the universal method were used to plot stress-depth 
profiles based on the sin2ψ-method. These methods assume that the strain-free lattice spacing hkld0  
does not vary with depth. A significant chemical composition gradient leads to a depth dependence 
of the strain-free lattice spacing. Therefore it was necessary to check if a significant chemical 
composition gradient is present, especially for the nitrided samples. This investigation was 
conducted using the scattering vector method for the samples #3, #5 and #7 to analyse the influence 
of chemical composition gradients on the depth dependency of the strain-free lattice parameter 
hkld0  (z). [112] 
3.6.2 XSA of test rollers used at DTU 
3.6.2.1 Description of the equipment  
XSA on rollers tested at DTU Mechanical Engineering were also conducted at the EDDI beamline 
at Helmholtz Zentrum Berlin as the first XSA analysis of rollers described in section 3.6.1. Due to 
downtime of the multipole wiggler an alternative X-ray source was used. A conventional tungsten 
X-ray tube (long-fine focus) with an operating voltage of 60 kV and consequently maximum 
photon energy of 60 keV in the white Bremsstrahlung was employed. The information depth is 
therefore limited to about 50 µm compared to the 80 -100 µm that were achieved with the 
synchrotron radiation. The experimental data is shown in Table 3-15.  
Table 3-15. Experimental parameters of the EDDI beamline used for XSA on the rollers tested at DTU [115]. 
Primary beam cross section Round collimator 
Absorber --- 
Secondary optics Soller collimator, divergence 0.15° 
Diffraction angle 2θ = 20° 
XSA-Mode 
Symmetrical Ψ–Mode (reflection), ψ=0° …63°, 
Δ(sin2ψ)= 0.05 
Detector 
Low energy solid state Ge detector (Canberra Model 
GL0110) 
Couting time per spectrum 1500 s 
Evaluated ferrite diffraction 
lines 
110, 200, 211, 220, 310, 222, 321, 330/411 
Calibration Tungsten powder 
 
3 Experimental procedures
 
72 
The same data evaluation was performed as for the first series of investigations, i.e. LPA correction 
and evaluation of the DEC by the Eshelby-Kröner model [113], [114], cf. section 3.6.1.1 and 
Figure 3-22. 
3.6.2.2 Tested rollers and applied methods 
In total 3 pairs of rollers (named pair #1, #2 and #3), each consisting of a flat roller and a chamfered 
roller, made from 100Cr6, were investigated. One pair (pair #1) was in untested condition and two 
pairs (pair #2 and #3) had been tested on the test-rig described in section 3.5.1. In the RCF test of 
pair #2 (B27 and A22) none of the rollers had fractured and in the RCF test of pair #3, the 
chamfered roller A19 fractured and the flat roller B24 did not. Table 3-16 gives an overview over 
the investigated rollers.  
Table 3-16. Overview over the rollers investigated, * after A19 failed, roller B24 had run for additional 3.5 
million cycles against another chamfered roller 
Material Pair Roller Surface Condition 
Number of 
cycles 
[millions] 
Measurements 
100Cr6 
#1 
B25 Flat 
Not tested 
- 
sin2ψ in hoop 
(φ=0°) and axial 
(φ=90°) direction 
A23 Chamfered - 
#2 
B27 Flat Tested, not 
fractured 
24 
A22 Chamfered 24 
#3 
B24 Flat 
Tested, not 
fractured 
11.5* 
A19 Chamfered Tested, fractured 8 
 
Measurements were conducted on three points for each roller as shown in Figure 3-27: in the centre 
of the contact area (raceway) with a width of 4 mm and the two edges of the raceway for the 
chamfered roller and at the edges and the centre of the corresponding wear track on the surface of 
the flat roller. For all rollers stress profiles in hoop and axial direction were measured at the three 
different positions using the sin2ψ-method. The geometrical set-up for measurements in hoop 
direction is shown in Figure 3-28a and in axial direction in Figure 3-28b. Based on the sin2ψ-
measurements the modified multi-wavelength method was applied to plot stress-depth profiles.  
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Figure 3-27. Measuring positions on the surface of the rollers at the raceway edges of the chamfered roller and 
the middle of the raceway. On the flat rollers measurements were conducted on the edges and the centre of the 
wear track. The roller on the right served as reference sample and is besprinkled with tungsten powder, which 
was measured under the same geometrical conditions to control the influence of the curved surface on the 
results of the sin2ψ analysis [115]. 
 
Figure 3-28. Set-up for measurements of the stress component in hoop direction (a) and the axial direction (b), 
in Figure b the alternative X-ray source in form of a conventional tungsten X-ray tube is shown [115]. 
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4 Results 
4.1 Failure analysis of field components 
4.1.1 Case study I – High speed shaft bearing 
4.1.1.1 Component description 
A case study of a failed ball bearing from the high speed shaft in a wind turbine gearbox was 
conducted. The failure was characterized using reflected light microscopy, microhardness 
measurements and scanning electron microscopy. It was investigated whether features similar to 
the WECs described in literature could be found. Furthermore it was analysed whether the 
morphology of these features gives indications to support the various hypotheses of failure. The 
investigated bearing is a ball bearing (see Figure 4-1) which failed prematurely. The bearing has a 
two-piece inner ring and belonged to a gearbox installed in a 1 MW turbine that is part of an on-
shore wind park on Lolland/Denmark. The bearing was designed to take up axial loads on the high 
speed (HS) shaft just before the generator and was installed in 2003. After an increase in structural 
vibration was measured by the condition monitoring system, the bearing was replaced in 2008. 
The inner rings, the outer ring as well as the balls are made of 100Cr6 steel. Table 4-1 shows the 
chemical composition of the 100Cr6 steel of the ball bearing, determined by optical emission 
spectroscopy (OES). 
 
Figure 4-1. Ball bearing of the high speed shaft of a 1 MW wind turbine. 
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Table 4-1 Chemical composition of the 100Cr6 steel used for the ball bearing in wt. %, determined by optical 
emission spectroscopy (OES). 
C Si Mn P S Al Cr Cu Mo 
1.010 0.226 0.348 0.015 0.009 0.012 1.440 0.162 0.013 
 
During visual inspection a surface pit of 7 mm x 5 mm on the inner ring on the generator side of 
the bearing was found (Figure 4-2). No other surface failures were observed. 
 
Figure 4-2. a) Inner ring of the generator side with surface pit b) Stereomicroscopic image of the pit. 
From the ball bearing two samples were cut out of the inner ring at the generator side, one in a 
region without surface damage (Sample A), one in the area where the surface pit was found 
(Sample C), (cf. Figure 4-3a).  
The circumferential cross sections, cut transversal to the overrolling direction, were ground first, 
then polished and eventually etched with nital. After the sample preparation they were first 
investigated with reflected light microscopy (RLM).  
Furthermore, the samples were repolished and etched with Murakami’s reagent for additional 
investigations with RLM. In addition to the circumferential cross sections of sample A and C an 
axial cross section cut parallel to the overrolling direction of sample A was prepared similarly (cf. 
Figure 4-3b). 
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Figure 4-3. a) Inner ring of the generator side with position A without surface damage and position C where 
the spall was found, b) Schematic illustration of the cross sections that were prepared for microscopy; the 
circumferential cross section is displayed in green and the axial cross section in red. 
4.1.1.2 Results and interpretation 
Pictures of the microstructure etched by nital were obtained using reflected light microscopy 
(RLM). White etching microstructural features that are not affected as much as the martensitic 
matrix by the nital reagent were observed, as shown in Figure 4-4 that was recorded at the 
circumferential cross section of the inner ring at position A (cf. Figure 4-3).  
These features were found at a depth between 150 µm and 700 µm and are preferentially 
distributed around the middle of the raceway’s curvature. They appear to be similar to the parallel 
WECs that are reported in the literature by Evans [7] and Lund [34]. They consist of a crack 
bordered by white etching area. They do not occur as the also reported branching networks with 
several triple points but are single cracks running parallel to the surface, normal to the overrolling 
direction. The dark spots in the micrograph were identified as inclusions or voids that could have 
been former locations of inclusions. It is noticeable that some of the WECs developed 
preferentially around these inclusions. The dark smearing effect around the voids is caused by the 
higher amount of etching reagent trapped in the voids during the etching procedure and is an 
etching artefact, caused by fan drying, that was avoided in subsequent etchings by a reduced 
etching time. 
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Figure 4-4. RLM image showing WECs running parallel to the surface, circumferential cross section of sample 
A after etching with nital. 
Figure 4-5 shows the right upper section of Figure 4-4 in a higher magnification. 
 
Figure 4-5. RLM image of WECs at a higher magnification, circumferential cross section at position A etched 
with nital. 
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The voids can be clearly seen, marked in the figure, with the smearing effect of the etchant stored 
inside. Furthermore an inclusion can be seen, lying inside the WEC. The WECs appear to be 
initiated at and propagating away from the inclusion, supporting the theory of preferred WEC 
formation at inclusions. The same can be seen in Figure 4-6 at another location and at higher 
magnification; starting at the marked inclusion, cracks run through the WEA in two opposite 
directions.  
 
Figure 4-6. RLM image showing a WEC with a crack starting at an inclusion and running through the WEA, 
circumferential cross section of sample A, etched with nital. 
In addition to the circumferential cross section of sample A an axial cross section, cut parallel to 
the overrolling direction, was prepared in an adjacent region of the circumferential cross section 
in the middle of the raceway where most of the WECs were found. Figure 4-7 shows a micrograph 
of the axial cross section and the WECs are also visible in this section. Apparently the WECs are 
inclined with respect to the raceway. Considering the circumferential cross section as well as the 
axial cross section, it can be concluded that the WEC have a three-dimensional disc or plate like 
shape.  
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Figure 4-7. RLM image showing WECs inclined to the surface, axial cross section of sample A, nital etched. 
The angles of the WECs in relation to the raceway were measured for several micrographs of the 
axial section. All measured angles lie in a range between 15° and 25° and most of them were 
approximately at about 20°; the results for the features in Figure 4-7 are presented in Figure 4-8 
as an example. 
 
Figure 4-8. The RLM image in Figure 4-7 with indication of the angles between the direction of the seven 
features and the raceway, the measured angles are displayed in the table. 
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The specific orientation of the WECs reminds of the specific inclination of butterfly wings that 
have been reported and described in high cycle contact fatigue testing. Nevertheless the angle is 
lower than the 45° known from butterflies that correlates with the orientation of maximum shear 
stress (cf. sections 2.1.4 and 2.1.5.2).  
The frequent occurrence of inclusions inside the WECs and the specific inclination angle between 
the WECs and the raceway point at a stress induced formation of the WECs similar to classical 
subsurface rolling contact fatigue due to crack initiation at stress raisers. Although the inclination 
is not in agreement with the maximum shear stress (45°, cf. section 2.1.4) the results point at a 
Hertzian stress state governed failure and support that butterflies can further propagate into more 
developed WECs as suggested by Lund [34]. 
Sample C, cut directly at the position of the surface spall, was also investigated by RLM of a 
circumferential cross section (Figure 4-9).  
 
Figure 4-9. RLM image showing a crack network below the damaged surface of sample C (circumferential 
section), nital etched. 
The spall (or flaking) at the raceway can be seen as the rough surface in the top of the figure. In 
the region below the spall a branching crack network is observed that is connected to the surface 
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and reaching to a depth of about 800 µm below the original raceway surface. Although it seems 
that the cracks are not bordered by WEA here, small regions of WEA can be found using higher 
magnification in the vicinity of some of the cracks (Figure 4-10). 
 
Figure 4-10. RLM image showing a detail of the crack network under the surface pit (Sample C, nital etched). 
The small amount of WEA could be a hint that a WEC connected to the surface and led to flaking 
eventually. Possibly during continuation of service in damaged condition, extensive damage and 
additional cracks at the area of the surface spall, leading to the removal and falling out of the WEA 
were introduced, explaining the small amount of residual WEA. But the white etching area found 
in the crack network under the surface spall could also be a secondary effect appearing after 
overload cracks initiated at the surface, not preceded by WECs. No direct evidence was found that 
the cracks bordered by WEA in sample A, where the surface is undamaged, are an earlier stage of 
a subsurface initiated mechanism of rolling contact fatigue failure, leading to flaking at position 
C. 
Furthermore, not only RLM investigations after etching with the nital reagent, but also 
characterization of sample A etched with Murakami’s reagent was conducted. Figure 4-11 shows 
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a circumferential cross section etched by Murakami’s reagent, with a crack bordered by the WEA, 
which was earlier identified by nital etching. The dark spots are spherical primary carbides in the 
martensitic matrix revealed by the Murakami staining. It can be seen that the WEA is largely free 
of these carbides. 
 
Figure 4-11. RLM image showing a WEC, circumferential cross-section of sample A, etched with Murakami’s 
reagent, carbides are revealed as dark spots. 
Figure 4-12 shows a scanning electron micrograph of sample A (circumferential cross section of 
the inner ring, backscattered electron detector). Cracks can be clearly identified that are bordered 
by a microstructure that can be distinguished in contrast as well as in structure from the martensitic 
matrix and corresponds to the WEAs found in RLM. Therefore, the SEM results support the 
findings of the reflected light microscopy. In addition the chemical composition of the matrix as 
well as of the WEAs was analysed using the energy-dispersive X-ray spectroscopy (EDS) detector. 
However, no decisive difference could be found between the different microstructures. It has to be 
mentioned that the resolution of EDS caused by the relatively large interaction volume (up to 
several micrometres) is limited and the WEAs are relatively small. 
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Figure 4-12. SEM image showing several WECs, circumferential section of sample A, recorded with the 
backscattered electron detector, nital etched. 
Table 4-2 shows the microhardness measurement results for the white etching area and the 
martensitic matrix, measured in the circumferential cross section of sample A. 
Table 4-2. Microhardness (Vickers) of WEA and steel-matrix determined using weights of 5g and 10g. 
Matrix HV 0.005 (5g) HV 0.01 (10g) 
1 896 705 
2 896 742 
3 921 796 
Ø 904 748 
WEA HV 0.005 (5g) HV 0.01 (10g) 
1 1485 1533 
2 1510 1533 
3 1510 1699 
Ø 1502 1588 
 
The WEAs are significantly harder than the surrounding martensitic matrix. Two strengthening 
mechanisms are likely responsible for this marked increase in hardness in the WEAs: grain 
refinement and dissolution of carbon to a level where ferrite is supersaturated (cf. section 2.2.4). 
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4.1.1.3 Discussion 
The prematurely failed high speed shaft bearing showed what appears like a typical rolling contact 
fatigue spall at one of the inner rings. The spall has however occurred long before rated RCF life. 
The RLM investigations revealed that the microstructure in an undamaged region of the inner ring 
showed cracks below the surface bordered by white etching areas, that can be interpreted as WECs 
running parallel to the surface in a circumferential cross section, similar to what is reported in the 
literature [7], [34]. Looking at the axial cross section a specific inclination (~20°) of the WECs to 
the raceway was found, reminding of the typical appearance of butterflies. Together with the 
frequent occurrence of inclusions inside the WECs the hypothesis that butterflies can develop into 
more extensive WECs [34] is supported. However, none of the WECs showed any branching. 
Furthermore, none of the WECs below the undamaged part of the raceway showed connection to 
the surface. Figure 4-9, the micrograph at the location of the surface spall, shows a branching crack 
network connected to the surface with WEA bordering some of the cracks at higher depth. 
However no direct evidence was found that single WECs during continuative rolling load 
connected to each other, branched and eventually connected to the surface causing the material 
flaking of the raceway was found. It cannot be excluded that the WEA formation in the crack 
network below the spall is a secondary effect appearing after overload cracks initiated at the 
surface. 
The WEA, bordering the WECs, is nearly free of carbides when investigated with RLM and SEM 
after etching with Murakami’s reagent. This is consistent with the observations made by others 
[12], [26], [36] and is also pointing to the suggested dissolution of carbides inside the WEA due 
to severe deformation. The micro hardness measurements also showed a significantly higher 
hardness of the WEA. This is consistent with the hypothesis of solid solution of excess carbon; a 
higher hardness is also induced by nano-crystalline ferrite, albeit no distinction could be made 
between the effects of grain size and carbon content on hardness.  
In summary it can be stated that the microstructural features found in the case study by the different 
techniques are of similar nature as the WECs reported in literature, i.e. cracks bordered by WEA 
of higher hardness and free of carbides. However, concerning the failure mode, the characteristic 
inclination and similarity to butterflies point at a failure governed by the Hertzian stress field like 
the classical subsurface rolling contact fatigue according to [24]. Reasons for the premature failure 
of the bearing can lie in an insufficient design and a consequent overload. However the exact 
loading history of the bearing was not known and a potential acceleration effect of hydrogen cannot 
be excluded. 
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4.1.2 Case study II – Intermediate shaft bearings 
4.1.2.1 Component description 
In the second case study a pair of tapered roller bearings, positioned at the shaft of the intermediary 
stage inside the gearbox of a wind turbine, was investigated. These bearings were chosen as they 
showed axial cracks on the raceway. These kinds of axial cracks have been reported to occur in 
prematurely failed martensitic hardened wind turbine bearings and are generally associated with 
white etching cracks (cf. section 2.2.1). The bearings have been investigated to check for white 
etching areas or white etching cracks in relation to the axial cracks by reflected light microscopy. 
The tapered roller bearings had been installed pairwise in the helical intermediary stage of a three-
stage planetary-helical design gearbox. The gearbox belonged to a 2.3 MW turbine installed at 
Horns Rev II off-shore wind park in Denmark. It was replaced after only 2 years in service. Figure 
4-13 shows the inner rings of the bearing that is placed closer to the generator (subsequently called 
generator side, GS) and the one closer to the rotor (subsequently called rotor side, RS). The 
material is a through hardened bearing steel and is martensitic hardened; no precise information 
on the chemical composition and the heat treatment was accessible. 
 
Figure 4-13. Inner rings of the tapered bearings from the generator side (GS, left) and the rotor side (RS, right). 
After a visual inspection metallographic samples were prepared at several locations where axial 
cracks were present. 
4.1.2.2 Results and interpretation 
The visual inspection revealed several axial cracks on both inner ring raceways; on the generator 
side as well as the rotor side (Figure 4-14). The cracks are running orthogonally to the overrolling 
direction (axial) and have different lengths.  
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Figure 4-14. Axial cracks on the raceway of the inner rings of the bearing on the generator side as well as on 
the bearing on the rotor side, cracks are marked by red arrows. 
A reflected light micrograph of an axial cross section cut parallel to the overrolling direction shows 
exemplary one of the cracks running radially inward into the inner ring (Figure 4-15). The cracks 
are branching at several positions, indicated in the example by arrows. No white etching area was 
found neither bordering the cracks directly, nor in the vicinity of most cracks.  
 
Figure 4-15. RLM image of a radial inward going axial crack, axial cross section of the inner ring on the rotor 
side, nital etched. 
At one position at the GS inner ring two axial cracks are observed running inward joining into one 
crack and further inward branching into two cracks again (Figure 4-16). In the vicinity of this 
network a crack bordered by white etching area was found as it is described in [9]. No connection 
of the WEC to the surface or the crack in the vicinity could be identified in the two-dimensional 
4.1 Failure analysis of field components
87 
cross section. But as this is a three-dimensional feature a connection to the crack that is visible on 
the raceway is possible. It is running radial inward like the cracks connected to the surface.  
 
Figure 4-16. RLM image showing two axial cracks running radial inward, joining and branching again with a 
WEC in the vicinity, axial cross section of the inner ring at the generator side, nital etched. 
 
Figure 4-17. RLM image of the WEC found in the vicinity of an axial crack, nital etched axial cross section. 
4 Results
 
88 
The crack is changing directions several times, running perpendicular (radial) or parallel to the 
raceway. Some inclusions were found along the propagation path of the crack (See Figure 4-17). 
Also one crack in the inner ring of the rotor side bearing was identified, where a WEC was found 
in the vicinity, shown in Figure 4-18. 
 
Figure 4-18. Axial crack running radial inward with a WEC in the vicinity (right side), axial cross section of 
the inner ring at the generator side, nital etched. 
4.1.2.3 Discussion 
The two pairwise installed bearings showed several axial cracks on the raceway of the inner rings. 
Reflected light micrographs revealed that the cracks are running radial inward. The cracks were of 
similar appearance as the axial cracks reported in literature to be characteristic for premature 
failure of wind turbine bearings made in martensitic steel and associated with WECs [6], [9], [10]. 
The reason that axial cracks are characteristic for inner rings that were martensitic hardened can 
lie in the residual stress state, with characteristic (small) tensile stresses in the subsurface (up to 
300 µm depth) that are introduced by quenching (of thick cross sections) [38].  
The axial cracks at the surface, going radial inward, were not bordered by WEA and in the vicinity 
of most of the cracks no WECs could be found. But as also reported in literature some WECs in 
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the vicinity of the axial cracks could be found both in the bearing at the rotor side and the generator 
side.  
Luyckx [6] investigated axial cracks by opening the cracks and observing the crack surface. He 
explained the observed crack pattern as a cleavage crack caused by an impact load. The crack 
propagates further inward, parallel and perpendicular to the raceway, under tensile and shear stress. 
He hypothesised that WEAs are adiabatic shear bands as a result of the impact load. WEC 
propagation with changing direction as in Figure 4-17 was also found by Luyckx, possibly the 
result of shear and tensile stress. The present investigations cannot support that WECs in the 
vicinity of axial cracks are a result of adiabatic shear, as similar investigations of the crack surface 
are missing. However, in the cross sections that were investigated most of the axial cracks are not 
directly related to any white etching cracks, thus it is possible that the WECs developed 
independently or as a secondary effect of the damage in the bearing. To investigate whether the 
axial cracks are always connected to WECs and to get a better fundamental understanding of the 
WEC failure in martensitic steels with the typical appearance of axial cracks more detailed 
investigations are needed. 
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4.1.3 Additional investigations 
4.1.3.1 Components description 
Investigations were performed on samples of representative bearing components from different 
positions inside the drivetrain. Material and also already prepared cross sections were supplied 
through research collaboration with the Danish power company DONG Energy. All samples were 
specifically selected because they were known to contain WECs. The material is bainitic hardened 
100CrMo7-3 steel (EN steel grade number: 1.3536, see Table 4-3 for chemical composition 
specifications).  
Table 4-3 Chemical composition range of 100CrMo7-3 steel, according to DIN EN ISO 683-17, in wt%. 
C Si Mn P S Cr Mo Cu Al 
0.93-1.05 0.15-0.45 0.60-0.80 ≤0.025 ≤0.015 1.65-1.95 0.20-0.35 ≤0.30 ≤0.05 
 
These representative samples were investigated in great detail to obtain additional information 
about the formation mechanism and morphology of the white etching cracks, with special respect 
to some open questions, such as the relation to butterflies and if the networks have a connection to 
the surface. The role of carbides in the formation process was in the focus of the investigations as 
well. 
In addition to RLM, SEM and TEM, EBSD (electron backscatter diffraction) and ICCI (ion 
channelling contrast imaging) were also used. High resolution TEM was used to study the exact 
microstructural nature of the WEA. Crystallographic information obtained from EBSD combined 
with ICCI was used to study a possible relation between crack growth and microstructure 
(transcrystalline and/or intercrystalline crack growth) and to give detailed information on 
microstructural changes induced during service.  
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4.1.3.2 Results and interpretation 
Reflected light and scanning electron microscopy 
Figure 4-19 shows the microstructure etched with nital in the subsurface area from the inner rings 
of two different bearings. The axial cross sections were cut parallel to the over rolling direction. 
The characteristic branching networks of white etching cracks, as described in literature (cf. 
section 2.2) can be identified and were found in a depth up to 1 mm. Nital etches the bainitic matrix 
and the WEAs appear as white, almost featureless regions, while the cracks appear as dark lines. 
Some variations in contrast and darker zones were observed in some locations around the WECs, 
but should be interpreted with care, since they can be artefacts caused by higher amounts of etching 
reagent trapped in and around cracks. Furthermore non-metallic inclusions and voids as prior 
inclusions sites are visible as heavily etched dark spots. Some smaller branching cracks were often 
found free of bordering WEA, while most of the larger branches were flanked by WEA. 
 
Figure 4-19. RLM images of two WEC branching networks from bearing inner rings in axial cross sections, 
cut parallel to the overrolling direction, etched with nital. 
The networks are large and contain several triple points where the crack branches. The networks 
developed in what looks like random directions and several crack tips were identified. In none of 
the prepared samples WEC networks were found that had a connection to the surface. Nevertheless 
several surface defects with flaking in connection with cracks (without WEA) were identified at 
the raceway of the samples. As the investigated cross sections are a two-dimensional cut-out of a 
three-dimensional network a connection of the networks in another plane cannot be excluded.  
  
4 Results
 
92 
Apart from the networks of WECs other smaller microstructure features associated with white 
etching area were identified: Features that are butterflies (cf. Figure 4-20) as described earlier 
(section 2.1.5.2) with two clear wings as well as features of WEA without two developed wings 
but also in the vicinity of inclusions (Figure 4-21). 
 
Figure 4-20. RLM image of a butterfly with two clear wings with WEA, axial cross section etched with nital. 
 
Figure 4-21. RLM images of smaller features with WEA, axial cross sections etched with nital. 
The crack bordering WEAs differ in size as well as etching behaviour (cf. Figure 4-22). Some 
areas inside the WEA appear bright and homogeneous (examples marked with A) whereas others 
seem to be more heterogeneous, almost fibrous and appear darker (B). This could be an effect of 
different crystallographic orientations or a finer grain structure inside the brighter areas of WEA. 
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It could also show a different extent of deformation. Several EDS measurements showed no 
significant difference in composition between the different appearances of WEA as well as 
between the WEA and the bainitic hardened matrix material. Also SEM investigations showed 
WEA regions that appear homogeneous and other regions that contain many defects (cf. Figure 
4-23), analogous to the observations made during RLM (Figure 4-22).  
 
Figure 4-22. Reflected light micrographs of branching WEC network, homogeneous regions marked with A, 
heterogeneous with B, axial cross sections etched with nital. 
 
Figure 4-23. SEM backscatter image of a triple point in a WEC network. 
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When etched with Murakami’s reagent the matrix structure remains unetched, while carbides are 
revealed inside the microstructure as darker spots. Primary spherical carbides with diameters in 
the 1 µm range can be seen inside the microstructure (Figure 4-24) and the white etching areas 
again (as by nital etching) appear white and almost featureless. As identified in Case study I 
(section 4.1.1.2) and mentioned in literature [26], [36], carbides are largely absent inside the WEA. 
Hardness measurements revealed a significantly higher hardness (around 1800 HV) in the white 
etching area compared to the matrix (around 850 HV). It is suggested that carbides are dissolved 
in the WEA and that the higher hardness could be a result of excess carbon in solid solution in a 
nano-crystalline or amorphous matrix.  
 
Figure 4-24. RLM image of WEC network, the crack network appears as black lines, carbides are revealed as 
dark spots, axial cross section etched with Murakami’s reagent. 
Nevertheless, investigations with the scanning electron microscope did reveal carbide structures 
(Figure 4-25), with a similar contrast as the carbides in the matrix inside or in the vicinity of some 
of the smaller, not fully developed WEAs shown in Figure 4-21. EDS investigations showed a 
typical chromium content for carbides similar to those inside the matrix (around 11 wt% Cr). Their 
shapes are slightly different, since they are cut and/or sheared by the WECs and appear to be in 
different early stages of a dissolution process. Figure 4-25 shows three different features where 
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such carbide structures, marked by the arrows, were found, and in micrographs a and b the cutting 
of the carbide by the crack is clearly identifiable. In b and c, areas where bands seem to “smear” 
out of the carbide could indicate an early dissolution stage. Linear features starting at the carbide 
running parallel to the crack are observed in the WEA. It has been reported in literature that 
spherical carbides may change shape and finally dissolve as a part of microstructural changes 
introduced by the alternating loading conditions in bearings [12], [32], [116]. 
 
Figure 4-25. SEM images (backscattered electron detector) showing carbides cut by the WEC (a, b) and 
appearing to dissolve (b, c). 
It appears that the carbides are dissolved, smeared and dispersed (cf. Figure 4-25b and c) by severe 
local plastic deformation and that carbon and chromium are redistributed in the nano-crystalline 
WEA during continued severe plastic deformation since no differences or variations in 
composition were found by EDS measurement inside fully developed WEA.  
However, inside some WEAs, regions with an enriched chromium content were identified that 
could be remnants of dissolved carbides. Due to an earlier stage of WEA formation the chromium 
is not redistributed yet. In Figure 4-26a these areas are marked by the red oval. They have a slightly 
different contrast compared to the surrounding WEA, but they are explicitly different from the 
undissolved carbides lying in the steel matrix.  
In Figure 4-26b an EDS map of the chromium concentration is shown (the higher the Cr 
concentration the brighter the region appears). In the regions marked by the red ovals, higher 
chromium concentration were identified inside the WEA corresponding to the feature in a. Figure 
4-27 shows a section of Figure 4-26 in a higher magnification.  
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Figure 4-26. a) SEM image of a WEC, chromium enriched features are marked by the red ovals, b) EDS map 
of chromium concentration, chromium enriched areas lying inside the WEA marked by the red ovals. 
 
Figure 4-27. a) SEM image of a section of Figure 4-26a showing one of the features in a higher magnification, 
the chromium enriched feature is marked by the red oval, b) EDS map of chromium concentration, chromium 
enriched area marked by the red oval. 
Transmission electron microscopy 
Transmission electron microscopy (TEM) investigations were conducted to obtain more detailed 
information about the morphology, crystallography as well as the local chemical composition of 
the white etching area and the matrix. Two different kinds of samples were prepared (cf. section 
3.2.1): thin-foils by automatic electrolytic thinning for reference investigations of the matrix 
microstructure as well as thin lamellae of two specific sites by focused ion beam (FIB) milling to 
inspect the WEC.  
Thin-foils prepared from different locations (bulk as well as just subsurface of the raceway) of 
different samples showed no abnormalities and the bainitic microstructure with fine cementite 
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precipitates can clearly be identified (cf. Figure 4-28). No difference between the microstructure 
close to the raceway and inside the bulk of the inner ring was observed. This traditional preparation 
method was not suitable to investigate the white etching areas as sample positioning is not precise 
enough to make samples from the very local WEC containing areas. 
 
Figure 4-28. TEM bright field image of the bainitic microstructure in the matrix (thin-foil specimen). 
Therefore, three different site-specific lamellae were prepared from two samples using FIB 
milling. In the first sample one lamella was cut inside the WEA parallel to the crack (Figure 4-29a). 
The second lamella and third lamella were cut parallel and transversal to the direction of 
propagation of another WEC (Figure 4-29b). The dashed lines highlight the WEA to matrix 
boundaries because the contrast difference in the micrographs is relatively poor. The target areas 
for FIB milling are illustrated by the hatched rectangles.  
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Figure 4-29. Scanning electron microscope image showing the location (hatched rectangle) where lamella 1 has 
been cut out using FIB milling, b) Ion channelling contrast image of the location of lamella 2 and 3; WEA 
boundaries are shown by dashed lines. 
Figure 4-30 gives an overview of the lamella cut out at the first position parallel to the crack. 
 
Figure 4-30. TEM bright field image giving an overview over lamella 1 and the different features observed. 
At the right end of the lamella the Pt-coating can be seen that was deposited onto the original 
surface before the FIB milling. The largest part of the lamella consists of a very fine structure 
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appearing in resembling grey tones. It appears more homogeneous compared to the bainitic matrix 
structure (cf. Figure 4-28). The small brightness differences inside this area can be explained by 
thickness contrast, where thinner areas (due to preparation) appear brighter. At the right side of 
the image, close to the original surface some brighter areas can be identified. The brightness 
contrast here could also be explained due to a difference in composition, such as regions with a 
lower atomic number appear brighter. Furthermore, in the left bottom corner a crack can be seen. 
One carbide, marked in the figure, was identified by the selected area diffraction pattern.  
The area marked by the rectangle was investigated further and is shown in Figure 4-31. The 
structure that was found in the largest part of the lamella, corresponding to position A in Figure 
4-31, the brighter band (B) as well as the structure on the right side of the bright band (C) were 
investigated by electron diffraction patterns as well as EDS measurements. 
 
Figure 4-31. Selected area diffraction patterns of three different locations A, B and C shown in the TEM bright 
field image showing the area marked by an rectangle in Figure 4-30 on the right. 
The diffraction patterns at positions A and C are characteristic for a nano-crystalline 
microstructure as distinct spot rings are formed. The pattern at position B shows more blurry, halo-
like and not distinct rings, because electrons are less scattered on specific crystal diffraction planes, 
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which is an indication of an amorphous structure. The nano-crystalline character of the WEA is in 
agreement with findings in literature [7], [8], [35] and mixtures of amorphous and granular 
structures have been reported earlier as well [12]. The results of the EDS measurements for Fe and 
Cr are presented in Table 4-4. 
Table 4-4. EDS measurements for Cr and Fe at position A, B and C in Figure 4-31. 
Position Cr [wt%] Fe [wt%] 
A 3.38 96.62 
B 22.24 77.76 
C 3.61 96.39 
 
As only two elements (Cr and Fe) were considered for the EDS measurements (adding up to 100%) 
the chromium content at position A and B is higher than the nominal composition of the steel 
where other alloying elements are not neglected. The real chromium content is slightly lower and 
the results could just be interpreted qualitatively, not quantitatively. But at position B a 
significantly higher amount of chromium was measured. The higher amount of chromium was 
confirmed by energy-filtered transmission electron microscopy (EFTEM). EFTEM maps for 
carbon, chromium as well as iron have been recorded and are shown in Figure 4-32. The brighter 
areas have a higher content of the specific element and in addition to the higher chromium content 
a higher carbon content and a corresponding lower iron content in the amorphous-like structure 
was measured, compared with the surrounding nano-crystalline areas. 
 
Figure 4-32. EFTEM maps of the amorphous-like structure and the surrounding nano-crystalline structure 
inside the WEA of carbon, chromium and iron, content increases with brightness. EFTEM maps of the 
amorphous-like structure and the surrounding nano-crystalline structure inside the WEA of carbon, 
chromium and iron, content increases with brightness. 
An explanation for the increased chromium and carbon content could be a chromium-rich carbide 
that is undergoing amorphization by deformation and is dissolved in this area. This corresponds to 
the SEM observations of shape-changing and/or cut carbides interpreted as initial stages of carbide 
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dissolution. Furthermore, chromium enriched regions were also measured inside a less developed 
WEA by EDS in the SEM (cf. Figure 4-26). It is hypothesized that the chromium enriched phase, 
appearing amorphous, could be a deformed carbide in a stage of the dissolution process and that 
the chromium (and carbon) is dispersed inside the WEA by further dissolution of the carbide 
eventually.  
An overview over the lamellae that were cut out at position 2 and 3 of the second sample (cf. 
Figure 4-29b) is given in Figure 4-33.  
 
Figure 4-33. a) TEM bright field image giving an overview over lamella 2, b) TEM bright field image giving an 
overview over lamella 3. 
Lamella 2, cut parallel to the crack, reveals two different structures in the bright field image (Figure 
4-33a). Mainly a homogeneous looking fine structured area, that is similar to the nano-crystalline 
structure in lamella 1. The selected area diffraction pattern recorded at position A (Figure 4-34A) 
confirmed the similarity, since the pattern with distinct rings is characteristic for a nano-crystalline 
structure with many different grains diffracting. Here the grain structure seems to be even finer 
because the spot size on the rings is smaller. On the left as well as the right side of the lamella two 
bands of a coarser structure are observed, which most likely is the crystalline bainitic steel matrix. 
This is supported by the diffraction pattern at position B (Figure 4-34B), showing a typical bcc 
pattern for coarser grains. In the band to the right a spherical carbide can be identified (position 
C), confirmed by an EDS measurements as well as the diffraction pattern showing a typical carbide 
pattern (Figure 4-34C). The two matrix bands lying inside the nano-crystalline structure are 
interpreted as a three-dimensional effect where matrix material lying under or above the plane of 
the lamella reaches into the WEA. The second lamella, cut perpendicular to the crack (cf. Figure 
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4-29b) is shown in Figure 4-33b. The crack is marked by the arrow and is running through the 
lamella, dividing it into two different regions. Above the crack the same nano-crystalline structure 
is seen as in lamella 1 and 2. In the area under the crack, the bainitic matrix can be identified, 
supported by the characteristic bcc diffraction spot pattern at position D (Figure 4-34D). EDS 
measurements revealed no chromium enriched areas as in the amorphous-like structure inside the 
first lamella at position 1. 
 
Figure 4-34. Selected area diffraction patterns recorded at the positions A, B, C, D and E marked in Figure 
4-33. 
Two higher magnifications of the areas a1 and b1, marked in Figure 4-33 are shown in Figure 
4-35a and b respectively. On the left (a) the transition from the nano-crystalline to the coarser 
structure can be seen. It is remarkable that the transition between the matrix and the fine grains is 
in the range of few hundred nanometres. The other figure (b) shows the crack and it can be seen 
that also on the lower part of the crack a thin nano-crystalline structure can be found and the crack 
is not a distinct boundary between the nano-crystalline WEA and the matrix as it appears in a lower 
magnification. In the WEA above the crack linear features can be identified running parallel to the 
crack. Furthermore, some voids were observed inside the WEA that could be an explanation for 
the inhomogeneous appearance of WEA in RLM and SEM (cf. Figure 4-22 and Figure 4-23). The 
inhomogeneous appearance in the nital etched cross sections could also be explained by etching 
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of bainitic regions extending into the WEA from below, as observed by TEM in lamella 2 (Figure 
4-33a). 
 
Figure 4-35. TEM images of the areas marked in Figure 4-33, a) Transition zone between the matrix and the 
WEA, higher magnification of area a1 in Figure 4-33a, b) Crack at the boundary between matrix and WEA, 
higher magnification of area b1 in Figure 4-33b. 
Electron backscatter diffraction and ion channelling contrast imaging 
To investigate whether there is a relation between crack propagation and microstructural features 
(intercrystalline or transcrystalline crack propagation) such as prior austenite grain boundaries, 
EBSD was used to gain crystallographic information about the regions, where the WECs were 
found. EBSD can only to a limited extent be used to investigate the WEA itself, because of the 
nano-crystalline or amorphous structure and the practical resolution limit of EBSD. Instead special 
attention was paid to whether the vicinity of the WECs differs from the bulk microstructure and 
whether deformation induced changes could be identified. Such deformation induced changes 
could be precursors to WEAs and could elucidate the role of deformation in the WEA formation 
process. 
Figure 4-36 shows an image quality map (a) as well as orientation maps (equally known as inverse 
pole figure (IPF) colour coded maps) from the (undamaged) bulk region of a sample indexing 
ferrite (b) as well as carbides (c). In the IQ map the contrast is achieved by the difference in quality 
of the obtained electron backscatter pattern (EBSP) at each data acquisition point, where brighter 
areas have sharp and well-defined Kikuchi bands in EBSP and data points with poorer EBSP 
quality appear darker (e.g boundaries) [117]. The bainitic block structure inside the microstructure 
as well as the spherical carbides can be identified. The orientation map of data points indexed as 
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ferrite (b) shows the orientation of bainite blocks colour coded relative to the normal of the 
prepared surface. The carbide orientation map of data points indexed as cementite (c) shows the 
large fraction of spherical carbides present in the material. Prior austenite grains can be identified 
by the position of packets of bainitic blocks. Typically inside a packet two different block 
orientations are observed. Prior austenite grains can be furthermore identified by carbides with 
similar orientation lying inside (c) [118]. 
 
Figure 4-36. EBSD maps of the bainitic microstructure in the bulk of a sample, obtained with an acceleration 
voltage of 18kV and a step size of 80 nm, a) Image quality (IQ) map b) orientation map (IPF map) for data 
points indexed as ferrite, c) orientation map (IPF map) for data points indexed as cementite. 
Figure 4-37 shows the orientation map of an area in the vicinity of a WEC, which is visible as the 
unindexed part at the bottom of the image. The chosen resolution for EBSD is not sufficient to 
resolve the fine grained structure inside the WEA observed by the TEM investigations, thus it is 
not indexed and displayed in black. The orientation map shows a similar bainitic microstructure 
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as in the bulk material (cf. Figure 4-36). No distinctive differences to the crystallography in the 
undamaged region were discovered. Carbides are not indexed and thus displayed in black. The 
bainitic blocks are forming characteristic packets associated with prior austenite grains. An 
interesting observation is a small transition region with small indexed grains at the boundary 
between the bainitic matrix to the unindexed WEA. This feature was generally visible in the EBSD 
investigations. 
 
Figure 4-37. Orientaion map of the bainitic matrix in the vicinity of a WEC: acceleration voltage of 20 kV, step 
size of 50 nm. 
In Figure 4-38a an orientation map of a WEC running through the baintic matrix is shown. Again 
the fine grained WEA bordering the crack is not indexed due to the insufficient resolution of EBSD 
and displayed black. The WEC is traversing the bainite blocks forming the characteristic packets 
associated with the prior austenite grain boundaries. The same can be seen in Figure 4-38b where 
a small crack tip propagating from the network without WEA is running through bainitic blocks, 
marked by the rectangle. No propagation along these prior austenite grain boundaries or other 
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microstructural features was observed. Hence, the failure is transcrystalline in nature. This is a 
feature that was generally observed in all obtained EBSD maps, which implies that there are no 
signs of preferred weakening at boundaries.  
 
Figure 4-38. Orientation maps of data points indexed as ferrite: a) WEC running through the bainitic matrix, 
acceleration voltage of 15 kV and step size of 50 nm, b) WEC branching network, acceleration voltage of 15 kV 
and step size of 100nm, small crack tip without WEA marked by the rectangle. 
Similar transition zones of finer grains as observed in Figure 4-37 can be seen in Figure 4-38a and 
b. Especially in map b many small grains were indexed, possibly a result of the complex geometry 
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and thus resulting complex stress situation: the crack is branching into three directions at this 
position. Based on the nano-scale rubbing mechanism, postulated by Vegter and Slycke [8], 
leading to a refinement by opening and closing of the crack under cyclic stresses, a larger area is 
affected since three cracks are present in this region.  
Ion channelling contrast imaging 
Ion channelling contrast imaging (ICCI) was applied to obtain micrographs with a higher 
resolution than possible with EBSD [119]. When Ga+ interacts with matter the interaction brings 
about formation of secondary electrons. Local chemical composition, crystallographic orientation 
and surface topography influence the current density of the secondary electrons [120]. In the 
material studied in this work, local variations in chemical composition (carbide/ferrite) and 
crystallographic orientation are the main sources of image contrast. Variations in crystallographic 
orientation yield images similar to those provided by EBSD orientation maps [119]. However, an 
important difference is that by EBSD the actual crystallographic orientation of the grains is 
obtained. ICCI shows contrast caused by a difference in yield of secondary electrons due to 
channelling of ions along crystallographic directions. ICCI images can be obtained within tens of 
second up to a few minutes. They are excellent for the present WEC investigations since ICCI can 
resolve finer details inside the WEA than EBSD.  
An EBSD orientation map of a crack with rather thick WEA bordered by bainite regions on both 
sides is shown in Figure 4-39a and an ICCI micrograph showing the region marked with the red 
rectangle was recorded as well Figure 4-39b. The bainitic blocks in the matrix and some smaller 
grains in the transition zone can clearly be identified in both EBSD and ICCI micrographs. By 
ICCI it is possible to resolve differences inside the WEA. Close to the boundary between the matrix 
and the WEA the crack is visible (appearing light and marked with the arrow). Linear features 
parallel to the crack inside the WEA were observed, possibly similar to the parallel lines that were 
observed during SEM investigations (Figure 4-25c), but at a much finer resolution that is similar 
to TEM, where some linear features were observed as well (Figure 4-35b). However a significantly 
larger area is covered by ICCI and within a short measurement time and easier sample preparation. 
Similar linear features are visible in Figure 4-39c, another ion channelling image of a WEC; it was 
a feature that was generally observed during ICCI investigations. These linear features are ascribed 
to the growth mechanism of the WEAs. Since the material is subjected to an alternating load, it is 
tempting to compare these lines to “striations” as observed on fracture surfaces exposed to fatigue. 
However, in the present case, the lines would result from repeated opening and closing under the 
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alternating load that causes rubbing of the crack faces and meandering of the crack through the 
microstructure. Closing of the crack may be accompanied by cold welding and the initiation of a 
new, adjacent crack in the next cycle of loading. This explanation is in agreement with [8]. A 
repetitive debonding and bonding mechanism during the stress cycle is introducing extremely high 
deformation and damage in the steel matrix, removing material and depositing it at the receiving 
crack face as WEA. This mechanism could cause such a pattern as observed with the characteristic 
parallel features inside the WEA resulting from each opening and closing cycle. 
 
Figure 4-39. EBSD orientation map of a WEC, acceleration voltage of 15 kV and step size of 100 nm b) Ion 
channelling contrast image of the WEC shown in a, obtained in the marked section, crack marked by arrow, 
c) Ion channelling contrast image of another WEC, crack marked by arrow. 
Figure 4-39 indicates that ICCI can provide a wealth of information in relatively short time. 
However, there is an important limitation to the use of ICCI during image generation that has to 
be mentioned: It sputters away the microstructure under investigation and a high amount of energy 
is transferred to the material. On prolonged investigation this energy can cause changes in the 
microstructure. In the present case, it was observed that the WEA would change contrast on 
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prolonged investigation. For the investigation of nano-crystalline structures the high energy input 
into the microstructure is accompanied by the risk for grain alignment and growth; the growing 
grains will align according to the interaction with the ion beam and result in dark areas with no 
contrast. Such areas have started to develop within the WEA in Figure 4-39c (and actually 
contribute importantly to the contrast within the WEA). If investigation is prolonged, the WEA 
will eventually turn completely dark. At higher magnifications, the focused ion beam is resulting 
in a higher beam current density. This means that the degenerative interaction with the WEA is 
the more intense the higher the magnification. Lowering the voltage will reduce the beam intensity 
but at the expense of significantly lower signal-to-noise ratio. These limitations taken into 
consideration, it is still possible to acquire images that contain supplementary information that 
cannot be obtained straightforwardly with any of the other techniques. 
In Figure 4-40 the EBSD orientation map of a WEC network (as displayed in Figure 4-38b) and 
the corresponding area as an collage of several ion channelling contrast images are shown as 
another comparison of EBSD and ICCI. As observed earlier in Figure 4-37, the bainite blocks in 
the matrix and some smaller grains in the transition zone can clearly be identified in both 
micrographs, but ICCI resolves also microstructural details inside the WEA. The ICCI micrograph 
is a collage and as a consequence shows contrast variations between the different images 
composing the collage. At some places, the WEA (marked by red arrows) shows a contrast 
indicating interaction with the ion beam. The degradation resulting from beam exposure was 
followed during image recording, confirming that the WEA consists of different regions, where 
contrast and grain size differences represent the actual microstructure and are not the result of 
beam interaction. In the regions marked by red arrows the striation type pattern shown in Figure 
4-39b and c was observed, while the regions marked by blue arrows have a larger grain size (but 
still nano-crystalline), since individual grains can be seen. As mentioned earlier some of the 
relatively larger grains were also indexed in the EBSD orientation map. The variation in grain size 
in different WEA areas is explained as follows. Most likely the very fine grains have developed 
first. On continued alternating loading, the network of WEA is acting as an entity because the yield 
stress and hardness in this region are considerably higher than in the surrounding matrix, 
introducing deformation in the local nearby regions. Stress-relaxation inside heavily stressed 
grains in these regions occurs through formation of subgrain-boundaries and thereby new grain 
formation. This suggests a progressing grain refinement as a result of continued plastic 
deformation. In Figure 4-40 the lower branch of the crack is changing direction, as seen in the 
lower left part of the orientation map. This small crack is not bordered by WEA, but instead 
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running through the matrix with no relation to boundaries. This observation suggests that at this 
progressed crack state the WEA is formed after crack growth. 
 
Figure 4-40. a) EBSD orientation map of branching network, acceleration voltage of 15 kV and step size of 100 
nm, b) Collage of several ion channelling contrast images of the WEC network at the same position as in a. 
ICCI was not only used to investigate developed WEC networks, but also butterflies. Figure 4-41 
shows an ion channeling contrast as well as SEM image of a butterfly with the inclusion at the 
centre and cracks and white etching phase spreading into its wings on both sides. Additionally a 
schematic drawing is displayed. The dark feature in the middle is a manganese sulphide inclusion 
with smaller aluminium oxide inclusions in its upper left corner (identification based on local 
EDS). The cracks and the positions of carbides can be clearly seen in the SEM image. Note that 
the SEM micrograph clearly shows a crack through the inclusion that connects the wings. 
Moreover, a crack is running upward at the top of the inclusion. Neither of these cracks are 
revealed by ICCI under the present conditions. On the other hand the ICCI micrograph resolves 
the fine grained structure inside the WEA wings, while no contrast is observed in the SEM image. 
The two techniques are thus complementary. The SEM micrograph was obtained after ICCI. In 
the SEM micrograph, the region underneath the inclusion is interpreted as an artefact introduced 
by the ICCI investigation. 
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Figure 4-41. Ion channelling contrast image, corresponding SEM micrograph (in the lower right corner) and 
schematic drawing of a butterfly (top). 
Another, more developed butterfly found in the material was investigated: Figure 4-42 is a collage 
of several recorded ion channelling contrast images and shows an inclusion with two wings 
consisting of a crack bordered by WEA. At both wings, similar to the WEC network in Figure 
4-40, homogeneous fine regions and regions with a coarser (but still fine) granular structure can 
be identified. It is noticeable that the homogeneous fine region is at the bottom of the crack in the 
left wing and on top of the crack in the right wing, pointing at an influence of the stress state caused 
by overrolling. The coarser, but still nano-crystalline structure can be found on both sites. The 
crack and the bordering WEA starting at the left side of the inclusion is not limited to the 
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characteristic wing shape known from classical butterflies (cf. for instance Figure 2-8) but is 
propagating further into the matrix with changing direction. Taking a closer look at Figure 4-42 
linear features as observed before in Figure 4-39b and c and Figure 4-40b were visible in the WEA 
wings of the butterfly as well. The similarity to the WEA in the white etching cracks and butterflies 
[8], [34] is supported by these results and implies a similar formation mechanism. Together with 
the observation that the butterfly is starting to evolve further into the matrix deviating from the 
classical butterfly shape, this supports the hypothesis that WEC networks can develop from 
butterflies [7], [8], [34], potentially facilitated by the presence of hydrogen.  
 
Figure 4-42. Collage of several ion channelling contrast images showing a butterfly. 
The similarity of the observed linear features inside the WEA support the hypothesis that the nano-
scale rubbing mechanism of WEA formation in butterflies (cf. section 2.1.5.2) is the same for 
WEA formation in WECs as proposed by Vegter and Slycke [8]: sequential debonding and 
bonding during the stress cycle is introducing high local deformation and damage in the steel 
matrix, removing material and depositing it on the other side of the crack as WEA. 
4.1.3.3 Discussion 
Representative samples of inner rings of wind turbine bearings were investigated. They were 
chosen because they contain branching networks of WECs that are typical for heavy loaded 
bearing failure, in particular also for bainitic hardened bearings. 
Complementary microscopy techniques were used to characterize the WECs. RLM provides a 
good overview of the overall crack morphology, but fails to resolve the finer details inside or 
adjacent to the WEAs. Both RLM and SEM investigations suffer from the need to etch the 
microstructure and, thus, removal of material before investigations. TEM provides very detailed 
information, but from a very limited part of the sample and poses significantly higher demands on 
sample preparation in terms of both time and complexity. The gap between the RLM/SEM and 
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TEM investigations can be filled by applying EBSD, especially in combination with ICCI. When 
the methods are combined for imaging purposes, the EBSD maps can be measured at a rather large 
step size and, thus, relatively short acquisition time, since the finer details are in any case 
documented by ICCI, where an image can be obtained within a few minutes. ICCI provides a new 
means to investigate at the WEC networks and WEA itself, however the technique must be applied 
with care, since the interaction with the ion beam will eventually change the microstructure of the 
WEA regions. 
Flaking and cracks (without WEA) were observed at the raceway surface in the investigated 
samples, but the WEC networks, found in a depth up to 1 mm had no visible connection to the 
raceway in the investigated two-dimensional cross sections. As the networks are three-dimensional 
features a connection cannot be excluded. Several inclusions were found in the vicinity of the 
WECs, similar to the observations made by Evans [17]. However the role of surface crack initiation 
on the formation of WEC cannot be ruled out completely. Smaller features, similar to butterflies, 
were observed in the subsurface region where the maximum Hertzian stress is expected. Similarity 
between the WEA in the white etching cracks and in the butterflies was observed by TEM and 
ICCI, implying a similar formation mechanism. Together with the observation that a butterfly is 
starting to evolve further into the matrix deviating from the classical butterfly shape the hypothesis 
that WEC networks can develop from butterflies [7], [8], [34] is supported. 
The internal structure of the WEA was investigated by TEM. It was found that the WEA consists 
of a nano-crystalline bcc structure, as reported in literature [7], [8], [35]. One objective was to take 
a closer look at the role of carbides during WEA formation. Carbides have been reported to be 
absent inside the WEA [26], [36] and the same observation was made by RLM, TEM, EBSD and 
ICCI in the present work. Harada et al. [12] observed a plastic deformation of carbides during 
WEA formation. SEM investigations revealed cut or deformed carbides inside or adjacent to the 
smaller WEA features. A smearing and dissolution of the carbide inside the WEA was observed. 
It is suggested that in an early stage of the WEA formation carbides are plastically deformed and 
gradually dissolved inside the WEA because of high local plastic deformation. Some less 
developed WEA chromium enriched regions were identified by EDS measurements in the SEM. 
These could potentially be carbide remnants in an early dissolution stage. Inside the fully 
developed WEA generally no chromium enriched regions were found in the SEM. However by 
EDS in the TEM, chromium enriched regions were found as well. It is hypothesised that this could 
also be former chromium rich carbides undergoing amorphization and smearing/stretching as 
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observed in the SEM. It is therefore suggested that the chromium (and carbon) eventually is 
redistributed inside the WEA by the deformation process. 
To investigate the relation of the crack networks to the microstructure EBSD maps were recorded. 
It was found that the cracks are propagating in a transcrystalline manner, implying no influence of 
weakening (potentially chemical) of grain boundaries since this would likely result in an 
intercrystalline crack propagation. This is in contrast with prior findings in the literature where 
crack propagation along prior austenite grain boundaries was postulated [15], [121]. A second 
finding is that the WEA formation is a very local phenomenon. The grains that are in the vicinity 
of the WEC seem unaffected and undeformed. The transition zone between the matrix and the fine 
grained WEA was investigated by TEM and it was found that the width of the transition zone is in 
the range of a few hundred nanometres. 
With ICCI, homogeneous regions were observed showing a striation type pattern consisting of 
linear features related to the position of the crack, both in butterflies and more developed WECs. 
Similar linear features could be observed by SEM and TEM. It is likely that these lines are residual 
traces of a cyclic opening and closing mechanism of the crack leading to WEA formation. A 
similar mechanism was suggested by Vegter and Slycke [8] for WEA formation in butterflies, but 
also more developed WECs. WEA regions with grains in a size that could be resolved with ICCI 
were identified. This could indicate a deformation induced progressive subdivision of grains in the 
adjacent steel matrix as part of the WEA formation mechanism. The use of ICCI can thus 
contribute further to the understanding of microstructure evolution during heavy alternating 
loading 
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4.2 RCF testing to reproduce WECs and investigate the effect of hoop stress 
4.2.1 Initial RCF calibration tests 
All failed rollers fractured through the whole cross section by axial cracks. Figure 4-43 shows the 
failed roller B5 as an example for the characteristic macroscopic appearance.  
 
Figure 4-43. Failed roller B5 with the axial crack going through the whole cross section. 
The fracture surface micrographs (or fractographs) of all failed rollers of the first test series are 
found in Figure 4-44. The images show one of the opposing fracture surfaces, directed normal to 
the overrolling direction. In the fractographs the transition between incremental fatigue crack 
propagation and final, rapid failure is demarcated by the red dashed line. After initiation the crack 
propagated by fatigue until a point was reached where the reduced cross sectional area was unable 
to support the load and sudden, final fracture occured. Sometimes the exact identification of the 
fracture surface area of incremental crack propagation was difficult, because in some tests the test-
rig was not stopped automatically, even after the roller fractured, because the failure criterion that 
stopped the rig (fluctuating torque readings) was not adequately set. These tests sometimes ran for 
about 15 minutes with the separated steel surfaces being inundated with the lubricant before failure 
was noticed and the test was stopped manually. By lubricant seepage in between the fracture 
surfaces some dark regions on the fracture surfaces were caused that could not be eliminated by 
cleaning with ethanol, acetone and ultrasound (cf. Figure 4-44, roller A8 and A15).  
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Figure 4-44. RLM stereomicroscope images of the fracture surfaces of rollers charged with 20 wt% ammonium 
thiocyanate solution for 48 hours and tested at 350 MPa hoop stress; the transition between incremental and 
rapid crack growth is indicated by the red dashed line.  
Furthermore running of the fractured roller caused friction between the opposing fracture surfaces 
that can change the original fracture morphology, thus impeding the exact identification of the 
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transition between incremental and rapid crack growth, even by SEM. In the images it was 
indicated as precise as possible. The incremental crack growth region is characterized by a rougher 
appearance while the region of rapid failure is characterized by a smoother surface. The crack 
initiation, indicated by the high reflective zone close to the raceway, occurred in most cases very 
close to the edge of the contact area, where the chamfered surface comes into contact with the flat 
surface (A4, A8 and A15 with a raceway width of 7 mm). In roller A11 the width of the raceway 
was 4 mm and the crack initiated very close to the edge of the chamfer as well. However, for roller 
B5 crack initiation occurred approximately in the centre of the raceway. 
The number of cycles to failure and the presence of WECs in the investigated cross sections of the 
rollers from the first test series are shown in Table 4-5. The WECs were found in the 
circumferential cross sections very close to the fracture surface. The fact that no WECs were found 
in rollers A4 and A15 does not necessarily mean that no WECs had formed in the rollers during 
testing as the presence of WECs was only checked at circumferential and axial cross sections close 
to the fracture surface and no serial cross sectioning of the whole circumference was performed. 
WECs could have potentially formed away from the fracture surface and the investigated cross 
sections. Figure 4-45 shows RLM pictures of WECs in the microstructure of circumferential cross 
sections etched by nital. The WECs were mostly found very close to the surface in a depth up to 
50 µm (A8, B5 and B11). This is closer to the surface then the calculated depths of maximum 
shear stress (395 µm) and maximum orthogonal stress (275 µm). However the maximum shear 
stress can move closer to the surface by an increase in traction coefficient, indicated by micro-
indents on the raceway (cf. Figure 4-43) causing mixed/ boundary lubrication locally. Both WEC 
networks (A8, B11) as well as WEA forming along a single crack (A11, B5) were found.  
Table 4-5. Number of cycles to failure and presence of WECs in the investigated cross sections of the micro-
indented rollers tested at 350 MPa hoop stress and charged with 20 wt% ammonium thiocyanate solution for 
48 hours. 
Roller Cycles to failure [million] WEC found? 
A4 13 No 
A8 27 Yes 
A11 24.2 Yes 
A15 11.5 No 
B5 11 Yes 
B11 26.4 Yes 
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Figure 4-45. RLM images showing WECs. Nital etched circumferential cross sections of rollers charged with 
20 wt% ammonium thiocyanate solution for 48 hours and tested at 350 MPa hoop stress. 
SEM images showing details of the WECs shown in Figure 4-45 are shown in Figure 4-46. The 
pictures are mirror-inverted related to RLM. It has been suggested that WECs form at non-metallic 
inclusions [3], [41] and/or develop from butterflies [34]. Thus during the SEM investigations EDS 
analysis was performed to identify inclusions as potential initiation sites in the vicinity of the 
WECs. No non-metallic inclusions could be detected by EDS along the cracks; however the 
presence of voids along the crack suggests potential inclusion sites (as for instance in roller A11 
in Figure 4-46). The formed WEAs have a similar appearance in both RLM and SEM as the WEA 
found in the field component analysis (cf. section 4.1, for example Figure 4-6, Figure 4-17 and 
Figure 4-22). Special attention was also given to studying carbides, as they have been found to be 
largely absent inside WEAs (cf. Figure 4-24 and [26], [36]). The SEM investigations revealed 
some WEAs that contained many carbides (for instance B5) whereas others appeared very 
homogeneous and free of carbides (A8, A11). In [12], [32], [116] it is suggested that carbides are 
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dissolved due to severe plastic deformation during RCF. Also during the investigation of field 
components carbides inside the WEA undergoing a dissolution process were found (cf. for instance 
Figure 4-25). However, the presence of carbides could not be related to the number of cycles to 
failure or size of the WEAs. 
 
Figure 4-46. SEM images of the WECs shown in Figure 4-45. Nital etched circumferential cross sections of 
rollers charged with 20 wt% ammonium thiocyanate solution for 48 hours and tested at 350 MPa hoop stress. 
4.2.2 RCF tests at different hoop stress levels 
Table 4-6 and Table 4-7 show the number of cycles to failure for the rollers tested at tensile hoop 
stress levels of 440 MPa and 540 MPa, respectively.  
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Table 4-6. Number of cycles to failure and presence of WECs for the rollers charged with 12 wt% ammonium 
thiocyanate solution for 24 hours and tested at 440 MPa hoop stress. 
Roller Cycles to failure [million] WEC found? 
A19 8 Yes 
A20 19 Yes 
A27 13.8 Yes 
B23 11 Yes 
B24 11.8 Yes 
B26 12 Yes 
 
Table 4-7. Number of cycles to failure and presence of WECs for the rollers charged with 12 wt% ammonium 
thiocyanate solution for 24 hours and tested at 540 MPa hoop stress. 
Roller Cycles to failure [million] WEC found? 
A26 2.9 No 
A29 6.2 Yes 
B28 10.6 Yes 
B30 4.2 Yes 
B33 7 Yes 
 
Weibull curves were plotted for the two stress levels and are shown in Figure 4-47. Weibull curves 
are plotted to study the relationship between the number of cycles and the percentage of rollers 
failed. One commonly used method to describe the empirical distribution function and obtain the 
vertical coordinate for each point is the calculation of a median rank (MR) for each sample. Firstly 
the samples are arranged in increasing order of number of cycles to failure and assigned a rank 
(R); the sample with the lowest number of cycles to failure is ranked R=1, the second R=2 and so 
on. The median rank MR is then calculated using the formula:  
4.0
3.0


N
RMR      (4.1), 
where R is the rank of each sample and N the total number of samples. The vertical coordinate for 
each roller is then calculated according to equation 4.2: 


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

 MRy 1
1lnln      (4.2) 
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The Weibull curves show a decrease in fatigue life of the rollers that were tested at higher hoop 
stress levels. The higher tensile stresses in hoop direction decreases the Mode I failure stress limit.  
 
Figure 4-47. Weibull plots for the failed rollers at 440 MPa and 540 MPa tensile hoop stress respectively. 
The fractographs of the failed rollers tested at 440 MPa and 540 MPa are shown in Figure 4-48 
and Figure 4-49 respectively. No image of the fracture surface of roller A26 is shown. Subsequent 
grinding of the fracture surface for another analysis means that it is not possible to re-perform the 
fractography on roller A26. The crack initiation site for most rollers was close to the chamfer edge 
(rollers A19, B23, B24, B28, A29, B30 and B33). For rollers A20, A27 and B26 the crack initiated 
away from the edge, at a more central position under the raceway. The region of incremental 
fatigue crack propagation is marked by the red dashed line. Where no identification was possible 
due to the problems mentioned before, it was omitted. The incremental fatigue crack propagation 
regions of the rollers tested at 440 MPa appear larger than their counterparts for the rollers tested 
at 540 MPa (except roller B23). The higher tensile hoop stress requires a shorter critical crack 
length for rapid fracture to occur. 
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Figure 4-48. RLM stereomicroscope images of fracture surfaces of the rollers charged with 12 wt% ammonium 
thiocyanate solution for 24 hours and tested at 440 MPa hoop stress. 
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Figure 4-49. RLM stereomicroscope images of fracture surfaces of the rollers charged with 12 wt% ammonium 
thiocyanate solution for 24 hours tested at 540 MPa hoop stress. 
As shown in Table 4-6 and Table 4-7, WECs were found for all rollers tested at 440 MPa and for 
four out of five rollers tested at 540 MPa. RLM pictures of the WECs are shown in Figure 4-50 
and Figure 4-51. No inclusions could be identified along the cracks by EDS. Sometimes voids 
were observed resembling potential prior inclusion sites (cf. for instance Figure 4-50, B24) 
Although in some rollers multiple WECs were found in a depth from 40µm up to 500 µm, only 
one WEC per roller is displayed, the one that was found closest to the surface. For 440 MPa the 
WECs closest to the rolling surface were found in a depth of 40-60 µm for all rollers except A20 
that was found at a depth of approximately 110 µm. Roller A20 was the roller that failed after the 
highest number of cycles. For the rollers tested at 550 MPa hoop stress the WECs closest to the 
surface were found in a depth of 60-70 µm for rollers A20, B30 and B33. For roller B28 the WEC 
was found at a much higher depth of approximately 450 µm. B28 also had the highest number of 
cycles to failure of the rollers tested at 540 MPa hoop stress, 10.6 million, compared to 2.9 (A26), 
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4.2 (B30), 6.2 (A29) and 7 (B33) million cycles. It is interesting to note that for rollers that took 
the longest time to failure, WECs were found not as close to the surface. However, no quantitative 
conclusions can be drawn relating the number of cycles to failure to the depth of WECs from the 
rolling surface due to the low number of rollers tested and cross sections investigated. The WEAs 
bordering the crack were easy to identify in rollers A28 and B33, but in roller A26 A29 and B30 
the suspected WEA are so small that SEM investigations are necessary to confirm their presence 
or absence. 
 
Figure 4-50. RLM images of WECs in nital etched circumferential cross sections of the rollers charged with 12 
wt% ammonium thiocyanate solution for 24 hours and tested at 440 MPa hoop stress. 
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Figure 4-51. RLM images of WECs in nital etched circumferential cross sections of the rollers charged with 12 
wt% ammonium thiocyanate solution for 24 hours and tested at 540 MPa hoop stress. 
SEM images showing details of the WECs found are shown in Figure 4-52 and Figure 4-53. For 
all rollers tested at 440 MPa, the presence of WEA was confirmed by SEM. At 540 MPa hoop 
stress level, the presence of WEA after testing was confirmed for rollers A29 and B30, for roller 
A26 no WEA was found.  
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Figure 4-52. SEM images showing details of the WECs shown in Figure 4-50. Nital etched circumferential cross 
sections of the rollers charged with 12 wt% ammonium thiocyanate solution for 24 hours and tested at 440 
MPa hoop stress.  
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Figure 4-53. SEM images showing details of the WECs shown in Figure 4-51. Nital etched circumferential cross 
sections of the rollers tested charged with 12 wt% ammonium thiocyanate solution for 24 hours and tested at 
540 MPa hoop stress. 
Roller A27 (440 MPa) and B28 (540 MPa) showed WECs with undissolved spherical carbides 
lying inside the WEA resembling those seen for roller B5 (Figure 4-46). All other WEAs appeared 
to be free of spherical carbides. Again no conclusion relating this observation to the number of 
cycles to failure or to the depth or the size of the WEA could be drawn. 
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In general the smallest WEAs were found in the rollers that failed after fewer cycles. This 
observation is in agreement with the WEA formation mechanism that was proposed by Vegter and 
Slycke [8]. During each cycle the microstructure adjacent to the crack undergoes severe plastic 
deformation. Material transfer by a bonding/debonding sequence between the crack faces will 
occur, leading to deposition of WEA on the receiving side of the crack. Assuming this mechanism 
each cycle will lead to an incremental increase in WEA on the crack sides. During EDS analysis 
of potential inclusion sites, no evidence for crack initiation at inclusions was found. 
During the reference test without hydrogen charging and the testing conditions of series 3 with 
540 MPa hoop stress, roller A24 failed after 45 million cycles, compared to 2.9-10.6 million cycles 
for the hydrogen charged samples. Figure 4-54 shows the RLM and SEM pictures of roller A24.  
No clear transition between incremental crack propagation and rapid failure could be identified 
and is therefore not indicated in Figure 4-54 a. As in many of the charged rollers, the crack seems 
to have initiated close to an edge of the chamfered surface. Although roller A24 failed after a 
higher number of cycles, no WEA was observed in the cross sections showing multiple cracks 
close to the fracture surface. Under the test conditions, with no slip, it was possible to provoke 
failure without hydrogen charging earlier than failure due to classical rolling contact fatigue would 
be expected (up to 109 cycles). This could be explained by the applied hoop stress or stress 
concentrations at the edges of the raceway, due to the roller geometry and a potential non-uniform 
loading. However the test conditions did not appear to be conducive enough to promote the 
formation of WECs without hydrogen charging. Further testing without hydrogen charging was 
not conducted due to the very long testing times. 
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Figure 4-54. RLM and SEM images of roller A24, tested at 540 MPa hoop stress without pre-charging with 
hydrogen: a) RLM image of the fracture surface, b) and c): RLM images of the circumferential cross section, 
nital etched, d) and e) SEM images of details of the cracks shown in b) and c). 
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4.2.3 Discussion 
The RCF tests showed that WECs similar to those observed in the inner rings of rolling element 
bearings in the wind turbine drivetrain can be generated in hydrogen charged rollers using the test-
rig designed at DTU Mechanical Engineering at a maximum contact load of 1.6 GPa, comparable 
to service loads in wind turbines. The failed rollers experienced crack initiation, often below the 
edge of the contact area, followed by incremental fatigue crack propagation and final, rapid failure. 
The preferred initiation at the edge of the contact area could be explained by a non-uniform stress 
state under overrolling due to the roller geometry (stress peaks at the edges) and/or a non-uniform 
loading (misalignment). 
The WECs occurred as more extensive WEC networks as well as WEAs along single cracks and 
were observed in the failed rollers in a depth from 40 µm up to 500 µm, which is the depth range 
where the maximum shear stress (for ideal Hertzian contact calculated around 395 µm) and 
maximum orthogonal shear stress (275 µm) in the subsurface region can be expected. In all rollers 
tested at 440 MPa, WECs were found. For the rollers tested at 540 MPa WECs were found in all 
rollers, except in the roller that failed the earliest after only 2.9 cycles. No inclusions were 
identified along the WECs, only sometimes voids that could be potential prior inclusion sites were 
observed. However, because no serial sectioning of the rollers was conducted and the WECs were 
not mapped completely, the question of subsurface or (near-) surface initiation of the WECs 
remained unanswered.  
Carbides were found to be absent in most of the WEAs investigated. However, some WEAs 
showed undissolved spherical carbides. This is in agreement with observations made during the 
failure analysis of field components and emphasises the role of carbides during WEA formation. 
No conclusions could be drawn on relating the presence of carbides with the number of cycles 
until failure, the depth below the surface that the WECs were found in or the size of the WEAs. 
By comparison of the cycles to failure of the rollers tested at different hoop stress levels it was 
observed that the number of cycles to failure decreased as the tensile hoop stress was increased. 
The incremental fatigue crack propagation region appeared smaller for the rollers tested at the 
higher hoop stress level. This can be explained by a shorter critical crack length necessary for rapid 
failure at higher hoop stress levels. This observation emphasises the detrimental effect of hoop 
stress applied by the interference fit of a bearing’s inner ring on fatigue life. 
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In the rollers that failed after a lower number of cycles it was increasingly difficult to identify 
WEAs, due to their small size. It is suggested that with each cycle there is an incremental increase 
in size of the WEAs due to continued plastic deformation and material transfer between the crack 
faces. Indications for such a mechanism, originally suggested by Vegter and Slycke [8], were 
already found during the microscopic investigations of field components (cf. section 4.1.3). 
However, in the uncharged rollers that were exposed to four times more cycles, no WEA was 
found at the crack networks that were observed. This yields that, under the present test conditions, 
hydrogen is necessary to form WEA. It supports the hypothesis that hydrogen promotes WEA 
formation. 
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4.3 Thermochemical surface engineering 
4.3.1 Deep nitriding 
4.3.1.1 Initial thermobalance experiments  
Figure 4-55 shows the mass uptake over time of the 34CrAlMo5 samples during the three initial 
nitriding experiments TG1, TG2 and TG3 (see section 3.4.3). Because of the similar surface area 
of the samples the mass uptake can be compared directly. The nitriding potential (TG1) and 
temperature (TG3) changes are marked in the diagram. 
 
Figure 4-55. Mass uptake over time of the three thermogravimetric experiments with samples made from 
34CrAlMo5. 
From the curve of TG2 it can be seen that the slope of mass uptake over time at constant 
temperature and nitriding potential is decreasing, as expected for the diffusion controlled process. 
For TG1, where nitriding was started with a high NH3 gas flow (resulting in an infinite nitriding 
potential) the mass uptake during this “boost” is much higher compared to the mass uptake at the 
lower nitriding potential of of KN=0.78 bar -1/2 for TG2 and TG3. Also the higher temperature in 
the first 24 hours for TG3 increases the mass uptake significantly. In the beginning of TG3 a delay 
of mass-uptake until approximately 600 minutes is observed, but no exact explanation was found. 
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Other characteristics are the depth of the nitriding case and the hardness gradient developing 
during nitriding. They were determined by depth-profiles of the hardness recorded with a 
microhardness tester (see section 3.2.4). Figure 4-56 shows the measured hardness profiles. The 
nitriding case depth (or simply called nitriding depth subsequently) is defined as the distance from 
the surface to the point where the hardness reaches a defined value: 50 HV above core hardness 
according to DIN 50190-3 (German: “Nitrierhärtetiefe (Nht)”). Here the core hardness is around 
275 HV, and thus the nitriding case depths are found at 325 HV and are marked in the diagram. A 
nitriding depth between 600 and 700 µm is achieved in the three experiments. 
 
Figure 4-56. Hardness profiles of nitriding exeperiments TG1, TG2 and TG3 (samples made from 34CrAlMo5), 
correspondent lines marking the nitriding depths. 
The hardness profiles and achieved nitriding depths are difficult to compare directly due to the 
different nitriding times of the experiments, but some conclusions can still be drawn. The high 
nitrogen potential in TG1 leads to a significantly higher hardness in the near surface area and the 
hardness is decreasing at higher depth leading to a steep profile. The achieved nitriding depth is 
650 µm for a nitriding time of 48 hours. For TG2 the deepest nitriding depth (685 µm) is reached 
as the nitriding time was 95 hours. Furthermore, a shallow decreasing hardness profile is achieved 
as desired for the application. Due to the shorter nitriding time of 60 hours in TG 3 just 620 µm 
are achieved and the decrease in hardness profile is less shallow, although a temperature “boost” 
was applied. 
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Figure 4-57 shows reflected light micrographs of nital etched cross sections from the three 
different experiments. The figures show the compound layers formed at the surface and how they 
differ for the different treatments.  
 
Figure 4-57. Reflected light micrographs of the cross sections from TG1 (a), TG2 (b) and TG3 (c) showing the 
compound layer at the surface, 34CrAlMo5 samples, etched by nital. 
For TG1 a 30 µm thick distinct compound layer developed at the surface due to the high nitrogen 
potential. It appears white after etching with nital. Cracks inside the compound layer can be 
identified pointing at the brittle character of the layer or the formation of porosities at grain 
boundaries. The presence of a thick, brittle or porous compound layer is considered detrimental 
for rolling contact fatigue performance and is not desired. In contrast in TG2 a thinner (5 to 10 
µm) continuous white layer is observed, but with some branches reaching into deeper regions. No 
cracks were observed here. In TG3 a thin distinct compound layer of a thickness around 8 µm 
developed and no branches of iron nitride reaching into deeper regions.  
Summing up, the high nitriding potential results in a much higher nitrogen uptake as well as a high 
hardness close to the surface, but it is not beneficial for the desired properties as a thick porous 
compound layer will develop due to stabilization of iron nitride (see the Lehrer diagram in section 
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2.3 for pure iron). A higher temperature increases the nitrogen uptake during nitriding, but limited 
conclusions can be drawn about its effect on the resulting nitriding depth from these experiments 
as nitriding time varied as well. The lower hardness in the profile of TG 3 at depths above 200 µm 
questions its benefit for the desired shallow decrease in hardness profile. By nitriding at 530 °C 
for 95 hours with a nitriding potential KN=0.78 bar -1/2 the highest nitriding depth and importantly 
the optimal hardness profile slope was achieved. Furthermore no thick distinct compound layer 
developed and no porosities or cracks were observed in it. 
4.3.1.2 Influence of different microstructure/prior heat treatment 
The hardness profiles for three samples of 34CrAlMo5 (HT1-HT3), heat treated in different ways 
prior to nitriding (see section 3.4.2) and the sample in heat treated condition as delivered (HT4) 
are displayed in Figure 4-58 after nitriding in the thermobalance (TG4, see section 3.4.3), The core 
hardness and the nitriding depths of the samples are shown in Table 4-8. 
 
Figure 4-58. Hardness profiles of the 4 differently heat treated samples (34CrAlMo5) after nitriding for 65h at 
530 °C with a nitriding potential of KN=0.29 bar -1/2(TG4). 
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Table 4-8. Core hardness of the 4 differently heat treated samples  (34CrAlMo5) after nitriding for 65h at 530 
°C with a nitriding potential of KN=0.29 bar -1/2 (TG4). 
No. Heat treatment 
Average core hardness 
[HV0.05] 
Nitriding depth 
[µm] 
HT1 
Aust. at 900ºC/ 1h, bainitic hardening 
(isothermal) at 420ºC for 15 min 
300 300 
HT2 
Aust. at 900ºC/ 1h, bainitic hardened 
(isothermal) at 420ºC for 20 min 
327 300 
HT3 
Aust. at 900/ 1h, quenched and tempered at 
600 ºC/ 1h 
329 285 
HT4 
In condition as delivered, quenched and 
tempered 1  
275 370 
 
By the custom heat treatments (HT1, HT2 and HT3) higher core hardness was achieved and the 
case hardness after nitriding was higher than in the reference sample (HT4), but with a steep drop 
in the hardness profile slope at around 250 µm. The sample in the as delivered heat treated 
condition (HT4) reached lower hardness values in the whole case during nitriding, but achieved 
the deepest nitriding depth (370 µm).  
Figure 4-59 shows micrographs of nital etched cross sections for the different samples. The zones 
affected by nitrogen are revealed by a darker appearance (i.e. stronger etching response). In the 
martensitic, as delivered sample (HT4) it can be clearly seen that the etching effect is less 
pronounced, but the hardened zone is reaching deeper into the material. No compound layer 
formation was identified in any of the samples. 
In summary it can be concluded from the experiments that the custom heat treatments (HT1-3) did 
not result in improvement of the desired case properties, as they led to a lower nitriding depth and 
a steeper hardness profile. This effect can likely be ascribed to a higher amount of “free” nitride 
forming elements, in particular chromium, for the custom heat treatments. Chromium is bound to 
a higher extent in carbides in the as delivered martensitic condition, due to the suspected longer 
tempering at higher temperature (see section 3.1.2). As more free chromium is available during 
nitriding in samples HT1, HT2 and HT3, more nitrides can form leading to a higher case hardness 
but also to a steep decrease and a shallower nitriding depth. Due to the low nitriding potential no 
                                                 
1 See section 3.1.2, no precise information was available from the supplier on the performed heat treatment, it was 
assumed based on the mechanical properties that the steel was tempered close to 700°C. 
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compound layer formed in any of the samples, which is beneficial, but in all samples a poor 
nitriding depth was achieved after 65 hours, pointing at the trade-off between the avoidance of a 
thick compound layer and the achievement of a deep nitriding depth. 
 
Figure 4-59. RLM images of the case of the four differently heat treated samples after nitriding for 65h at 530 
°C in 20% NH3 and 80% H2 (TG4: KN=0.29 bar -1/2)), nital etched cross sections of 34CrAlMo5 samples. 
4.3.1.3 Deep-nitriding in the semi-industrial furnace 
After the initial experiments in the thermobalance, experiments were conducted in a larger semi-
industrial furnace (see section 3.4.3). Figure 4-60 shows the hardness profiles of the two differently 
ground sample sides of 34CrAlMo5 (with 1000 gridsize and 4000 gridsize SiC paper) of nitriding 
experiment LAC1. In addition the average is displayed. The difference between the two hardness 
profiles is smaller than the uncertainty in the hardness measurements. 
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Figure 4-60. Hardness profiles of the two different samples sides of the 34CrAlMo5 sample with final grinding 
step of 1000 or 4000 size SiC paper, after nitiding (LAC1: 100h at 530 °C, 1 l/min NH3). 
The microstructure of the two sides of 15CrMoV5-9 is shown in Figure 4-61; no significant 
differences were observed. The same observations were made for the other three steel grades 
(31CrMoV9, 34CrAlMo5 and 34CrAlNi7) and therefore the presentation of the respective 
hardness profiles and micrographs is omitted. Because in none of the different steel grade samples 
a difference in thickness of compound layer or depth of diffusion zone was identified between the 
differently prepared sample sides 1000 grid SiC paper was used as the last grinding step in 
subsequent experiments. 
 
Figure 4-61. RLM images the two different samples sides of the 34CrAlMo5 sample with final grinding step of 
1000 or 4000 size SiO2 paper, after nitiding (LAC1: 100h at 530 °C, 1 l/min NH3), nital etched. 
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When comparing the hardness profiles (Figure 4-62) of the four different steel grades after 
nitriding experiment LAC1, significant differences can be identified. In general the four profiles 
can be classified into two different categories. The alloys with a high amount of aluminium 
(34CrAlMo5 and 34CrAlNi7) have a significantly higher surface hardness of approximately 1050 
to 1100 HV compared to slightly above 800 HV for 15CrMoV5-9 and 31CrMoV9, but the 
hardness drops to a similar level as the other two steel grades at a depth of around 200 µm. The 
hardness profiles then continue with similar slope, though at different hardness level, until 
reaching the core hardness. The core hardness and the nitriding depth (defined as the depth were 
the hardness is 50HV harder than the core) for the four different alloys after nitriding are shown 
in Table 4-9.  
 
Figure 4-62. Hardness profiles of the 4 different steel grades after nitriding (LAC1: 100h at 530 °C, 1 l/min 
NH3), average of the two sample sides, lines marking the nitriding depths. 
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Table 4-9. Core hardness and nitriding depths of the four different alloys (LAC1: 100h at 530 °C, 1 l/min NH3). 
No. Steel grade Core hardness [HV0.05] Nitriding depth [µm] 
1 15CrMoV5-9 325 800 
2 31CrMoV9 323 696 
3 34CrAlMo5 269 758 
4 34CrAlNi7 279 718 
 
The highest nitriding depth of 800 µm is achieved with the 15CrMoV5-9 sample, followed by 
34CrAlMo5 with 758 µm, 34CrAlNi7 with 718 µm and 31CrMoV9 with 696 µm. The higher the 
content of the nitride alloying elements the lower the achieved nitriding depth as nitrogen is bound 
and hindered from diffusing deeper into the material. The high surface hardness and steep profile 
of the alloys with high Al content can be explained by the fact that Al does not form carbides as 
the other nitride forming elements and therefore is “free” to form nitrides. 
A similar distinction can be made between the steel grades when looking at the formation of a 
compound layer. Micrographs of nital etched cross sections for the different steel grades after 
nitriding are shown in Figure 4-63 and Figure 4-64. The samples made from 15CrMoV5-9 and 
31CrMoV9 show a distinct thin compound layer at the surface with a thickness of approximately 
7 and 6 µm. It is free of cracks and mainly free of porosities. Only directly at the surface a very 
thin (<1 µm) rough, porous zone could be identified. This observation is in agreement with the 
change of the surface finish from blank metallic appearance to a grey matt appearance after 
nitriding (cf. Figure 4-65). In the aluminium alloyed steels (34CrAlMo5 and 34CrAlNi7) no 
distinct compound layer was identified, but a white diffuse layer developed at the surface with 
some branches reaching up to a depth of around 35 µm. Neither porosities nor cracks were 
identified in the layer itself, but only an increased roughness directly at the surface. 
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Figure 4-63. RLM images of the case of 15CrMoV5-9 (left) and 31CrMoV9 (right) samples after nitriding 
experiment LAC1: 100h at 530 °C, 1 l/min NH3, nital etched cross section. 
 
Figure 4-64. RLM images of the case of 34CrAlMo5 (left) and 34CrAlNi7 (right) samples after nitriding 
experiment LAC1: 100h at 530°C, 1 l/min NH3, nital etched cross section. 
 
Figure 4-65. Grey matt appearance of the 15CrMoV5-9 sample after nitriding pointing at an increase in surface 
roughness. 
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Formation of grain boundary cementite (see section 2.3.2) was investigated by etching the cross 
sections with Murakami’s reagent. Micrographs are shown in Figure 4-66. 
 
Figure 4-66. RLM images of the cross sections etched with Murakami’s reagent, revealing grain boundary 
carbides/nitrides (LAC1: 100h at 530 °C, 1 l/min NH3). 
In all four samples the formation of grain boundary carbides/nitrides occurred. In 31CrMoV9 the 
grain boundary carbides/nitrides seem most explicit; due to the smaller grain size for this steel the 
grain boundary density is highest. In 15CrMoV5-9 they are less pronounced, which can be ascribed 
to the lower carbon content in the steel. In the 15CrMoV5-9 and 31CrMoV9 steel samples there 
is a zone at the surface where no carbon-containing grain boundary phase was revealed, up to a 
depth of around 120 µm and 80 µm, respectively. In the other two samples also close to the surface 
a carbon-containing phase forms at the boundaries, but less pronounced up to a depth of 170 µm 
and 140, µm respectively. The zones of most explicit grain boundary carbide/nitride formation and 
the maximum depth are indicated in micrographs of the case in a lower magnification are displayed 
in Figure 4-67. The reason for no or less identification close to the surface is that carbon is pushed 
deeper into the material by the in-diffusing nitrogen (cf. section 2.3.2) or, alternatively, carbon 
may have escaped from the surface. 
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Figure 4-67. RLM images of the cross sections etched with Murakami’s reagent revealing grain boundary 
carbides/nitrides and zones of most explicit formation, LAC1: 100h at 530 °C, 1 l/min NH3. 
To gain information about the nitrogen concentration versus depth in the case of the nitrided 
samples chemical composition depth profiles were recorded using GDOES (cf. section 3.3). Due 
to ongoing instrument calibration problems it was not possible to determine the concentration and 
depth quantitatively. Therefore only the voltage of the characteristic spectrum of nitrogen is plotted 
versus sputtering time in Figure 4-68. However, as the voltage is directly related to the 
concentration and the sputtering time to the depth below the surface, some qualitative observations 
could be made comparing the four different steels after nitriding. The maximum information depth 
was determined by measuring the depth of the cylindrical crater of material removal by sputtering 
and can be found in Figure 4-68 as well. A clear difference was observed between the steels that 
developed a distinct compound layer at the surface (15CrMoV5-9 and 31CrMoV9, cf. Figure 4-63) 
and those where the white layer at the surface was more diffuse with branches reaching deeper 
into the material (34CrAlMo5 and 34CrAlNi7, cf. Figure 4-64). In the steels that developed the 
distinct compound layer close to the surface a plateau with higher concentration was identified 
that is decreasing rapidly to a lower level after relatively short sputtering time. This time of 
decrease is interpreted as the depth of the boundary between the compound layer and the diffusion 
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zone at approximately 7 µm. In contrast the concentration in the 34CrAlMo5 and 34CrAlNi7 
samples is decreasing gradually, without a steep drop. This observation is in agreement with the 
identified microstructure. As the phase fraction of iron nitride is decreasing and the ferrite phase 
fraction is increasing, the total nitrogen concentration is decreasing. Furthermore, slightly higher 
voltages (i.e. concentrations) were measured in the diffusion zone (within the information depth) 
for 34CrAlMo5 and 34CrAlNi7 compared to 15CrMoV5-9 and 31CrMoV9. That is in agreement 
with the measured hardness profiles. At a depth of up to 100 to 150 µm a higher hardness in the 
high Al-alloyed steels was observed (cf. Figure 4-62). More nitrogen is bound in nitrides leading 
to a higher hardness increase. 
 
Figure 4-68. Voltage of the characteristic spectrum of nitrogen (as a function of concentration) versus 
sputtering time (as a function of depth below the surface) of the four different nitrided steels, determined by 
GDOES. 
4.3.1.4 Avoiding grain boundary carbides/nitrides  
After the oxynitriding experiment LAC2 (cf. section 3.4.3) a thin oxide layer had formed on the 
sample surfaces (see Figure 4-69). From the characteristic blue interference colour it can be 
concluded that the oxide layer is very thin and can be removed easily by polishing.  
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Figure 4-69. Oxide layer formed on the 4 different steel samples during oxynitriding experiment LAC2: 100h 
at 530 °C, 1 l/min NH3 and 5 ml/min O2. 
Figure 4-70 shows the hardness depth profiles for LAC1 (nitriding) and LAC2 (oxynitriding). No 
significant difference or unambiguous trend for a change in the hardness profiles by oxynitriding 
was identified. The oxynitriding had no detrimental effect on the formation of the diffusion zone 
and the nitriding depth.  
 
Figure 4-70. Hardness profiles of the 4 different steel grades after nitriding (LAC1) and oxynitriding (LAC2). 
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The same observation was made when looking at the micrographs of nital etched cross sections 
revealing the formation of a compound layer (see Figure 4-71). At the surface the very thin oxide 
layer can be identified, but despite that, the oxynitrided samples showed no significant differences 
when compared with the cross sections for LAC1 (Figure 4-63 and Figure 4-64).  
 
Figure 4-71. RLM images of the cross sections etched with Nital showing the compound layer and its thickness 
after oxynitriding (LAC2: 100h at 530 °C, 1 l/min NH3 and 5 ml/min O2). 
As the main goal of the oxynitriding treatment was to hinder the precipitation of cementite on the 
grain boundaries, cross sections from the samples were etched with Murakami’s reagent as well 
and were compared to the prior results (cf. Figure 4-72, Figure 4-73, Figure 4-74 and Figure 4-75). 
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Figure 4-72. RLM images revealing grain boundary carbides/nitrides comparing nitriding (LAC1) and 
oxynitriding (LAC2), 15CrMoV5-9 samples etched with Murakami’s reagent.  
 
Figure 4-73. RLM images revealing grain boundary carbides/nitrides comparing nitriding (LAC1) and 
oxynitriding (LAC2), 31CrMoV9 samples etched with Murakami’s reagent. 
 
Figure 4-74. RLM images revealing grain boundary carbides/nitrides comparing nitriding (LAC1) and 
oxynitriding (LAC2), 34CrAlMo5 samples etched with Murakami’s reagent. 
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Figure 4-75. RLM images revealing grain boundary carbides/nitrides comparing nitriding (LAC1) and 
oxynitriding (LAC2), 34CrAlNi7 samples etched with Murakami’s reagent. 
In none of the micrographs a significant difference between the nitrided (LAC 1) and oxynitrided 
(LAC 2) samples was identified. There is no sign of an effect of the added oxygen in the nitriding 
atmosphere on the formation of grain boundary carbides/nitrides. Together with the observation 
of no differences in hardness profile slope, nitriding depth or compound layer formation, it is 
reasoned that the conducted gas flow of 5ml/min oxygen is too low to remove carbon and give an 
identifiable effect on the formation of grain boundary carbides/nitrides. But the formation of the 
thin oxide layer at the sample surface (as well as on the furnace chamber walls) confirmed that 
nitriding was conducted in an oxidizing atmosphere. Due to the dangers related to having a 
potentially explosive gas mixture with hydrogen and higher oxygen concentrations inside the 
chamber, instead of repeating the experiment with highly increased oxygen gas flow the approach 
to remove carbon from the case by a prior heat treatment in a reducing atmosphere was followed. 
Whether oxynitiding is suitable to remove carbon and to hinder the formation of grain boundary 
carbides/nitrides with higher oxygen gas flows could not be evaluated as further experiments with 
higher oxygen flow could not be conducted under safe conditions with the available facilities. 
Figure 4-76, Figure 4-77, Figure 4-78 and Figure 4-79 show a comparison of the hardness depth 
profiles of nitriding experiment LAC3 (cf. section 3.4.3), where samples heat treated in the 
reducing atmosphere (1 l/min hydrogen) and in the condition as delivered as reference were 
nitrided. In addition hardness profiles before the nitriding treatment of the samples heat treated in 
reducing atmosphere are shown to reveal the effect of the reducing atmosphere on the case.  
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Figure 4-76. Hardness profiles of 15CrMoV5-9 samples custom heat treated and at the supplier, before and 
after nitriding (LAC 3: 80h at 530 °C, 1 l/min NH3). 
 
Figure 4-77. Hardness profiles of 31CrMoV9 samples custom heat treated and at the supplier, before and after 
nitriding (LAC 3: 80h at 530 °C, 1 l/min NH3). 
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Figure 4-78. Hardness profiles of 34CrAlMo5 samples custom heat treated and at the supplier, before and after 
nitriding (LAC 3: 80h at 530 °C, 1 l/min NH3). 
 
Figure 4-79. Hardness profiles of 34CrAlNi7 samples heat treated in reducing atmosphere and at the supplier, 
before and after nitriding (LAC 3: 80h at 530 °C, 1 l/min NH3). 
The hardness depth profiles of the samples heat treated in reducing atmosphere before nitriding 
show a hardness decrease towards the surface of around 75 HV for 15CrMoV5-9 and 34CrAlNi7. 
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In the case of 31CrMoV9 only a smaller decrease of around 25 HV and for 34CrAlMo5 no 
decrease is observed. After nitriding the 15CrMoV5-9 samples that have been custom heat treated 
have a higher surface hardness and also a higher hardness in the diffusion zone, but the nitriding 
depth is approximately the same. The difference in hardness can be explained by more “free” 
nitride alloying elements because of the different heat treatment. In the bainitic hardening there is 
no need for a tempering stage as after the quenching for martensitic hardening and less chromium 
is bound in carbides. Furthermore, less carbon could be available for forming carbides due to the 
decarburization of the case during the heat treatment in the reducing atmosphere. The 31CrMoV9 
samples show a similar change in hardness profile. For 34CrAlMo5 and 34CrAlNi7 the surface 
hardness is similar in both conditions, the hardness in the diffusion zone is increased, but nitriding 
depth decreased.  
Cross sections of all the eight samples were etched with Murakami’s reagent to reveal grain 
boundary carbides/nitrides. Compared to earlier Murakami staining (cf. Figure 4-72-Figure 4-75), 
more of the spherical carbides were stained. This is due to a slightly different Murakami staining, 
as exact replication of the etchant is complicated. The staining of the spherical carbides made it 
more difficult to identify differences in grain boundary precipitations in lower magnifications. 
Therefore cut-outs in a depth range from approximately 100-400 µm in a high magnification and 
with enhanced contrast to facilitate identification of grain boundary carbides/nitrides are displayed 
in Figure 4-80, Figure 4-81, Figure 4-82 and Figure 4-83. They compare the samples in the as 
delivered condition to the samples heat treated in reducing atmosphere. 
 
Figure 4-80. RLM images of the cross section of 15CrMoV5-9 samples, etched with Murakami’s reagent 
revealing grain boundary carbides/nitrides, comparison between the reference as delivered condition and the 
heat treatment in reducing atmosphere after nitriding experiment LAC 3: 80h at 530 °C, 1 l/min NH3. 
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Figure 4-81. RLM images of the cross section of 31CrMoV9 samples, etched with Murakami’s reagent revealing 
grain boundary carbides/nitrides, comparison between the reference as delivered condition and the heat 
treatment in reducing atmosphere after nitriding experiment LAC 3: 80h at 530 °C, 1 l/min NH3. 
 
Figure 4-82. RLM images of the cross section of 34CrAlMo5 samples, etched with Murakami’s reagent 
revealing grain boundary carbides/nitrides, comparison between the reference as delivered condition and the 
heat treatment in reducing atmosphere after nitriding experiment LAC 3: 80h at 530 °C, 1 l/min NH3. 
 
Figure 4-83. RLM images of the cross section of 34CrAlNi7 samples, etched with Murakami’s reagent revealing 
grain boundary carbides/nitrides, comparison between the reference as delivered condition and the heat 
treatment in reducing atmosphere after nitriding experiment LAC 3: 80h at 530 °C, 1 l/min NH3. 
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For 15CrMoV5-9 and 34CrAlNi7 a significant difference was observed as less grain boundaries 
were accentuated. For 31CrMoV9, due to the different grain size, i.e. different grain boundary 
density of the material prior to nitriding, a direct comparison is difficult. However, a tendency 
towards less grain boundary carbide/nitride formation in the sample that had been heat treated in 
reducing atmosphere was observed. In the 34CrAlMo5 samples no change of grain boundary 
carbide/nitride formation could be identified.  
The observed decrease of hardness in the case due to the removal of carbon is consistent with these 
observations since this was most pronounced for 15CrMoV5-9 and 34CrAlNi7. In conclusion it 
can be said that the second approach where a prior heat treatment in a reducing hydrogen 
atmosphere was conducted showed promising results as a significant decrease of grain boundary 
carbides/nitrides was observed for the 15CrMoV5-9, 31CrMoV9 and for the 34CrAlNi7 steel 
grade.  
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4.3.2 RCF testing of surface engineered rollers 
4.3.2.1 Investigations prior to the RCF tests 
Figure 4-84 shows the rollers made from 15CrMoV-9 and 34CrAlNi7 after the nitriding treatment 
in the semi-industrial furnace. The surface changed from metal bright (cf. Figure 3-17) to a grey 
matt finish (Figure 4-84) similar to the observations made in prior nitriding experiments. This is 
pointing at an increase of surface roughness, due to porosity formation in a very thin (<1 µm, cf. 
for instance Figure 4-63) zone of the compound layer directly at the surface.  
 
Figure 4-84. Two pairs of test-rollers made from 15CrMoV5-9 and 34CrAlNi7 after the nitriding process (100h 
at 530 °C with a NH3 gas flow of 1 l/min). 
The average changes in dimensions by the nitriding treatments, measured for the inner diameter D 
as well as the keyway width W are displayed in Table 4-10. Additionally the defined tolerance for 
manufacturing is shown. A slight increase in D and a slight decrease in W, different in magnitude 
for the two different materials, were observed. Only the dimension change of the inner diameter 
ΔD for the 34CrAlNi7 rollers exceeded the manufacturing tolerance of 0.02 mm. However, no 
problems during mounting of the rollers on the shaft were experienced. 
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Table 4-10. Average dimensional changes of the inner diameter D and the keyway width W of the rollers by 
the nitriding treatment. 
Roller average ΔD [mm] average ΔW [mm] Tolerance [mm] 
Flat roller (15CrMoV5-9) +0.01035 -0.00853 ± 0.02 
Crowned roller (15CrMoV5-9) +0.013241 -0.00879 ± 0.02 
Flat roller (34CrAlNi7) +0.034201 -0.0053 ± 0.02 
Crowned roller (34CrAlNi7) +0.037223 -0.00538 ± 0.02 
 
The averaged determined arithmetic mean roughness values Ra of the rollers (100Cr6, 15CrMoV5-
9 and 34CrAlNi7) prior to and after the nitriding treatment, together with the roughness measured 
prior to and after the hydrogen charging at nCATS are shown in Table 4-11. 
Table 4-11. Averaged arithmetic mean roughness values Ra of the rollers at different stages. The initial 
roughness values (second column) were measured by the manufacturer of the rollers. The values prior to and 
after nitriding (third and fourth column) were measured at DTU (not for 100Cr6 rollers as no nitriding 
treatment was performed). The values after hydrogen charging (last column) were supplied by the 
collaborators at nCATS. 
Roller 
Avg. Ra [µm] as 
supplied by the 
manufacturer of 
the rollers 
Avg. Ra [µm] 
before 
nitriding 
 
Avg. Ra 
[µm] after 
nitriding 
 
Avg. Ra 
[µm] 
after 
hydrogen 
charging 
Flat roller (15CrMoV5-9) 0.123 0.145 0.244 0.109 
Crowned roller (15CrMoV5-9) 0.065 0.056 0.236 0.0918 
Flat roller (34CrAlNi7) 0.116 0.161 0.375 0.259 
Crowned roller (34CrAlNi7) 0.078 0.083 0.375 0.226 
Flat roller (100Cr6) 0.114 - - 0.819 
Crowned roller (100Cr6) 0.064 - - 0.0305 
 
The rollers were initially polished to achieve a surface roughness of Ra=0.12 µm for the flat rollers 
and Ra=0.06 µm for the crowned rollers, because the same roughness values were used in the prior 
studies [17]. The values measured at the manufacturer show that these specifications were fulfilled. 
The values measured at DTU prior to nitriding differ slightly from the values measured by the 
manufacturer, especially for the flat rings. An explanation could be a different pair of rollers 
probed. After nitriding the roughness increased by around 100 nm for the 15CrMoV5-9 rollers and 
200-300 nm for the 34CrAlNi7 rollers. This significant increase in roughness is in agreement with 
the matt finish observed after nitriding. As mentioned before, that is attributed to porosity 
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formation in a very thin zone directly at the surface. After hydrogen charging the roughness values 
decreased by around 100-150 nm for the nitrided rollers and around 30 nm for 100Cr6 rollers. This 
decrease has been reported to be a consequence of the thin corrosion layer forming at the surface 
during hydrogen charging that fills the cavities between asperities, as well as the decrease of the 
asperities themselves due to corrosion [17]. 
4.3.2.2 Macroscopic and microscopic analysis of the tested rollers 
After testing, the rollers were investigated visually for cracks, spallations, pitting or flaking on the 
raceway. A wear track formed on the rollers’ raceway in the contact area as shown in Figure 4-85.  
 
Figure 4-85. Macroscopic images of the investigated rollers (after testing) showing the wear track in the centre 
of the raceway. 
On the crowned 100Cr6 roller some spots away from the wear track were identified. They resemble 
heat spots, formed due to high lubricant temperature; however the lubricant temperature was 
controlled at 70 °C in all tests. They were not found along the whole circumference and especially 
not in the area of contact, and therefore it was assumed that they did not have an influence on the 
test. All tests ran until the end of the planned testing time of 10 days (37x106 cycles) without 
fracture. No critical surface damage occurred on any of the rollers, however this does not exclude 
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that WECs have formed in the subsurface area. The nitrided rollers no longer appeared matt after 
testing (cf. Figure 4-85). Likely, the very thin porous zone on top of the compound layer was 
removed during an early stage of testing and the surface was smoothened.  
Microscopy of 100Cr6 rollers 
During microscopic investigations of the cross sections of the 100Cr6 rollers no developed WECs 
were found, although the tests were performed according to the WEC formation threshold 
established in the prior tests on the same test-rig [17]. Special attention was given to non-metallic 
inclusions as they can act as stress raisers and crack initiation sites. In the circumferential cross 
sections inclusions with an elongated shape were frequently observed, as shown in Figure 4-86 a. 
In the axial cross sections inclusions did not appear elongated, but instead had a spherical shape 
(Figure 4-86 b).  
 
Figure 4-86. RLM images of inclusions in nital etched cross sections of the 100Cr6 rollers: a) circumferential 
cross section: non-metallic inclusions are elongated; b) axial cross section: inclusions are spherical. 
Inclusions are elongated during the rolling of the steel rod that the rollers were machined from. 
The observed direction of elongation (axial) is in agreement of the direction of rolling of the steel 
rods.  
Although no WECs were identified, some inclusions had surrounding features resembling 
butterflies when observed in the axial cross sections (Figure 4-87). In the circumferential cross 
sections no features resembling butterflies were found. Due to the limited magnification in RLM 
and the small size of these features SEM was conducted to get a more detailed picture.  
The SEM images of the suspected butterflies in Figure 4-87 are shown in Figure 4-88. The more 
detailed view confirmed the characteristic crack wings formed at two opposing inclusion sites, 
slightly inclined to the overrolling direction, similar to butterflies described in literature [36], [37]. 
4 Results
 
158 
Moreover, several other inclusions with crack wings were found during SEM investigation of the 
100Cr6 roller shown in Figure 4-89. At most of the crack wings no WEA could be identified, that 
is characteristic for butterflies. However, at some of the investigated inclusions a microstructural 
change in the regions bordering the crack was identified that resembles WEA (cf. for instance in 
Figure 4-88a, on top of the left crack wing). Thus, it is assumed that these features are in an early 
stage of butterfly formation.  
 
Figure 4-87. RLM images showing suspected butterflies found in the 100Cr6 rollers, indicated as a, b and c, 
nital etched axial cross sections. 
 
Figure 4-88. SEM images of the three butterflies (a, b, and c) from Figure 4-87. 
All “butterflies” were very small with a maximum length of 20 µm from crack tip to crack tip. 
They were found in a depth between 20 and 180 µm from the surface. By EDS analysis all 
inclusions (where cracks were observed) were identified as manganese sulfide (MnS). 
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Figure 4-89. SEM images of multiple inclusions with crack formation, resembling butterflies, found in the 
100Cr6 rollers. 
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Microscopy of 15CrMoV5-9 rollers 
In the 15CrMoV5-9 rollers neither crack networks nor WECs or butterflies were observed after 
testing in the investigated circumferential and axial cross sections. The microstructure of the 
nitrided rollers was investigated by RLM of nital etched cross sections with special attention on 
the compound layer, grain boundaries and inclusions. It was found that the compound layer was 
still attached to the matrix after testing, as shown for circumferential cross sections in the centre 
under the wear track of the crowned and flat rollers in Figure 4-90.  
 
Figure 4-90. RLM images showing the intact compound layer at the surface; nital etched circumferential cross 
sections: a) Crowned 15CrMoV5-9 roller, b) Flat 15CrMoV5-9 roller. 
As expected, the microstructure resembles the microstructure found in the samples that had been 
nitrided under the same conditions as the rollers. Grain boundaries appear pronounced in the 
nitrided case and the compound layer is of similar thickness (cf. Figure 4-63). RLM images of 
axial cross sections (in a higher magnification) are shown in Figure 4-91.  
 
Figure 4-91. RLM images showing the intact compound layer at the surface: nital etched axial cross sections: 
a) Crowned 15CrMoV5-9 roller, b) Flat 15CrMoV5-9 roller. 
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Also in the axial cross sections neither flaking nor removal or cracking of the compound layer was 
observed. Looking at the grain boundaries in detail a white phase at the boundaries could be 
observed (cf. Figure 4-92). This is grain boundary nitrides/carbides formed during nitriding as 
found in the samples nitrided under the same conditions (cf. section 4.3.1.2). No visible cracks 
were identified and the concern that cracks could potentially initiate at grain boundaries was not 
substantiated.  
 
Figure 4-92. RLM image of a nital etched axial cross section of the flat 15CrMoV5-9 roller. 
An SEM image of an axial cross section showing the microstructure in more detail is presented in 
Figure 4-93.  
Almost no porosities were observed in the compound layer and clearly the nitrides/carbides along 
the prior austenite grain boundaries were identified. It was confirmed that no crack formation 
occurred at the surface/ in the compound layer, at the boundary between the compound layer and 
the matrix or along the prior austenite grain boundaries.  
Several spherical inclusions were identified using RLM on both circumferential and axial cross 
sections, but no crack formation or butterfly features were observed as found in the 100Cr6 rollers. 
Figure 4-94 shows exemplary an inclusion without any surrounding crack formation lying at a 
grain boundary, found in the 15CrMoV5-9 rollers after testing. 
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Figure 4-93. SEM image of a nital etched axial cross section of the flat 15CrMoV5-9 roller showing the 
compound layer at the surface. 
 
Figure 4-94. RLM image showing an inclusion in a nital etched axial cross section of the flat 15CrMoV5-9 roller 
showing an inclusion. 
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SEM investigations of inclusions confirmed that no cracks were formed during testing. By EDS 
the investigated inclusions were identified as aluminium oxides and manganese sulphides. Figure 
4-95 shows a SEM image of an aluminium oxide inclusion at a grain boundary (a) and a manganese 
sulphide inclusion. Along the grain boundaries a phase had precipitated that consists of the grain 
boundary nitrides/carbides already observed during the earlier nitriding experiments.  
 
Figure 4-95. SEM images of an aluminium oxide inclusion (a) and a manganese sulphide inclusion (b), found 
in a nital etched axial cross section of the flat 15CrMoV5-9 roller. 
Microscopy of 34CrAlNi7 rollers 
Figure 4-96 shows RLM images of nital etched circumferential cross sections of the crowned and 
flat roller in the centre region under the wear track. As in the 34CrAlNi7 samples nitrided at the 
same conditions (cf. Figure 4-64) no distinct compound layer developed, but a white diffuse layer 
developed at the surface with some branches reaching down to a depth 35 µm. This is illustrated 
in high magnification in the SEM image in Figure 4-97. No crack networks in the subsurface area 
were identified. The iron nitrides/carbides formed at the prior austenite grain boundaries are shown 
in Figure 4-98. No cracks formed in this white phase along the grain boundaries. Furthermore, no 
cracks or butterfly features were found by RLM investigations at non-metallic inclusions (cf. 
Figure 4-99). SEM investigations confirmed that no cracks had formed at inclusions and the 
investigated inclusions were identified as aluminium oxides or manganese sulphides by EDS; 
examples are shown in Figure 4-100. 
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Figure 4-96. RLM images of nital etched circumferential cross sections: a) Crowned 34CrAlNi7 roller, b) Flat 
34CrAlNi7 roller. 
 
Figure 4-97. SEM image showing the layer formed at the surface with branches reaching deeper into the 
material. Nital etched axial cross section of the flat 34CrAlNi7 roller. 
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Figure 4-98. RLM image showing how iron nitrides/carbides are revealed as a white phase along the prior 
austenite grain boundaries. Nital etched axial cross section of the crowned 34CrAlNi7 roller. 
 
Figure 4-99. RLM image showing an inclusion in the crowned 34CrAlNi7 roller. Nital etched axial cross section. 
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Figure 4-100. SEM images of an aluminium oxide inclusion (a) and a manganese sulphide inclusion (b), found 
in a nital etched axial cross section of the flat 34CrAlNi7 roller. 
No excessive flaking or spalling on the raceway was identified during the macroscopic 
investigation of the 34CrAlNi7 rollers and no spalls were identified in the circumferential cross 
sections. In the axial cross sections, covering a larger fraction of the rollers’ circumference, several 
spalls at the surface and cracks in the near-surface region were observed, both in the flat and 
crowned roller. Figure 4-101 shows examples of the spalls and cracks that were found in the near 
surface region, mainly at around a depth of 10 µm and up to a depth of about 20 µm. 
 
Figure 4-101. RLM images showing examples of spalls (a) and surface cracks (b) found in the nital etched axial 
cross sections of the 34CrAlNi7 rollers. 
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In the SEM micrographs (Figure 4-102) cracks running nearly parallel to the surface were 
observed. They formed in the depth where the white layer and white branches (iron nitride) had 
formed during nitriding.  
 
Figure 4-102. SEM images of surface cracks found near the surface of the 34CrAlNi7 rollers; nital etched axial 
cross sections. 
4.3.3 Discussion 
Based on the initial thermobalance experiments and the up-scaled experiments conducted in the 
semi-industrial furnace, nitriding parameters were determined that provided the best case 
properties: nitriding for 100 hours at 530°C and a gas flow of 1 l/min NH3. By deep nitriding under 
these conditions the desired properties that can potentially counteract WEC formation were 
achieved for all four nitriding steel grades: a nitriding depth approximately covering the depth of 
WEC formation and maximum Hertzian stress without the formation of a thick porous compound 
layer. Only in a thin zone at the surface, porosities were observed. The maximum nitriding depth 
of 800 µm was observed for 15CrMoV5-9 steel and the highest surface hardness was observed for 
aluminium-alloyed grades 34CrAlNi7 and 34CrAlMo5. The surface hardness of all four nitriding 
steel grades was above 800 HV (~ 64 HRC2) and, therefore, above the recommended minimum 
surface hardness for bearing application of 58 HRC.  
                                                 
2 Direct conversion of hardness values determined by different hardness measurement standards is not permitted. 800 
HV is the equivalent to 64 HRC in the empirically determined comparison table according to the standard DIN 50150. 
This is in principle only valid for Vickers hardness measurement with a load above 98 N. However, it was used as an 
approximate comparison value. 
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During nitriding the 15CrMoV5-9 and 31CrMoV9 samples developed a distinct 7 µm thick 
compound layer at the surface. In 34CrAlNi7 and 34CrAlMo5 samples, a less well-defined layer 
formed at the surface with nitride branches reaching deeper into the material (about 35 µm); also 
this nitride “layer” was free of porosities and cracks. The formation of grain boundary 
nitrides/carbides was observed in all steel grades. Oxynitriding showed no significant effect, but 
prior heat treatment in a reducing atmosphere showed promising results to avoid the formation of 
grain boundary nitrides/ carbides. 
Rollers made from 15CrMoV5-9 and 34CrAlNi7 were chosen for rolling contact fatigue testing 
under conditions that are known to provoke WEC formation in a standard 100Cr6 through 
hardened steel [17]. However the samples were not heat treated in a reducing atmosphere prior to 
nitriding. No excessive surface damage, flaking or axial cracks were observed after testing for the 
nitrided rollers as well as the reference rollers made from 100Cr6 during macroscopic visual 
inspection. 
During the reference tests performed on 100Cr6 rollers many features resembling butterflies 
(crack-wings bordered by WEA at non-metallic inclusions) formed in the sub-surface region. Due 
to their small size and the lack of easily identifiable WEA it is assumed that these features are in 
an early stage of butterfly formation. However no WECs were identified, although test conditions 
were above the WEC formation threshold established during experiments on the same test-rig by 
Evans [17]. A possible reason could be insufficient hydrogen diffusion into the rollers due to an 
inaccurate hydrogen charging process. 
No WECs or butterflies were found in the 15CrMoV5-9 and 34CrAlNi7 under conditions where 
the 100Cr6 rollers showed butterfly-like features or even WEC formation in prior studies [17]. 
The crack initiation at inclusions appears to be restrained in the surface engineered material. 
However the exact mechanism was not investigated and several properties of the nitrided rollers 
could be responsible. It can be reasoned that the compressive stresses that develop during nitriding 
restrain crack initiation and help in avoiding debonding of the inclusion and the matrix. However, 
the hydrogen content of the rollers was not determined after the hydrogen charging and could be 
different in the three materials. The compound layer at the surface could act as a hydrogen barrier 
during the hydrogen charging due to its lower nitrogen permeability, resulting in a hydrogen 
concentration that is lower after the charging compared to the 100Cr6 rollers. Consequently, lower 
hydrogen content will result in a higher stress threshold for crack initiation. The lower permeability 
of the thin compound layer could be less effective on hindering hydrogen penetration in bearing 
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application under service conditions as the material is likely exposed constantly to hydrogen for 
longer times. But improved wear properties resulting in limited hydrogen generation could account 
for a decrease in hydrogen penetration during service conditions. 
Small surface cracks and spallation were found in RCF tested 34CrAlNi7 rollers by microscopy. 
The cracks were observed inside the white iron-nitride phase formed at the surface. In this depth 
range the presence of a heterogeneous two-phase region (ferrite and iron-nitride) could potentially 
lead to local stress gradients, causing the initiation of cracks parallel to the surface. However, no 
cracks in the nitrides/carbides formed along grain-boundaries were observed. By optimising the 
combination of alloy selection and nitriding parameters the near-surface morphology formed 
during nitriding can be tailored to potentially avoid crack formation. In this respect 15CrMoV5-9 
rollers showed no debonding or spallation of the compound layer upon RCF testing, nor did cracks 
develop inside it. Under the applied test conditions, the thin non-porous compound layer and grain 
boundary nitrides/carbides did not act as crack initiation sites as initially anticipated. Further 
testing is necessary to eventually evaluate the performance of nitrided components and their 
applicability as a WEC failure remedy. 
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4.4 X-ray stress analysis 
4.4.1 XSA of the test rollers used at nCATS3 
4.4.1.1 Diffraction patterns 
Figure 4-103 shows characteristic energy-dispersive X-ray diffraction patterns of the investigated 
100Cr6 rollers. Strong diffraction lines are recorded from the ferrite phase in the material and weak 
lines from the minor retained austenite phase. Figure 4-104 and Figure 4-105 show the 
characteristic diffraction patterns for the two nitriding steels 15CrMoV5-9 and 34CrAlNi7 in 
comparison between the non-nitrided and the nitrided condition.  
Significant differences between the non-nitrided and the nitrided condition were observed in both 
the diffraction patterns of 15CrMoV5-9 and 34CrAlNi7. In non-nitrided condition the ferrite 
diffraction lines are narrow and after nitriding the peaks are broadened. The broadening of the 
peaks can be explained by the precipitation of small, nano-scale and micro-scale alloying element 
nitrides during nitriding (cf. section 2.3). These nitrides lead to local volume changes and thus 
residual microstresses of the 3rd kind. These microstresses are manifested as microstrains, leading 
to line broadening of the various ferrite hkl.  
In the 15CrMoV5-9 and 34CrAlNi7 samples additional diffraction lines were recorded in nitrided 
condition, partly overlapping the ferrite diffraction lines. These additional lines can be attributed 
to the cubic Fe4N phase. The line width of the Fe4N lines is even larger for 34CrAlNi7 than for 
15CrAlNi7, resulting in a more pronounced peak overlap and pointing at a potential concentration 
and stress gradient inside the Fe4N phase. Because of this peak overlap in nitrided condition, not 
all of the diffraction lines that were taken into account for residual stress analysis in the non-
nitrided condition could be used for the nitrided samples. 
                                                 
3 The subsequent presentation of the results of the X-ray stress analysis performed at the Helmholtz Zentrum Berlin 
is based on the internal REWIND report “Energy-dispersive X-ray residual stress analysis on roller bearing steel 
samples” by Klaus, Michaelis and Genzel [112]. 
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Figure 4-103. Energy-dispersive diffraction pattern of the 100Cr6 steel roller, sample #1, recorded at 2θ=16°, 
with indication of the ferrite (α) and austenite (γ) reflections that were taken into account for the residual stress 
measurements [112]. 
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Figure 4-104. Energy-dispersive diffraction pattern up to E=60 keV of the 15CrMoV5-9 steel, recorded at 
2θ=16°, sample #5 (top) in non-nitrided condition with indication of ferrite reflections and sample #3 (bottom) 
in nitrided condition with indication of the strongest additional reflection lines of the fcc-Fe4N-layer [112]. 
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Figure 4-105. Energy-dispersive diffraction pattern up to E=60 keV of the 34CrAlNi7 steel, recorded at 2θ=16°, 
sample #9 (top) in non-nitrided condition with indication of ferrite reflections and sample #7 (bottom) in 
nitrided condition with indication of the strongest additional reflection lines of the fcc-Fe4N-layer [112]. 
4 Results
 
174 
4.4.1.2 Derivation of the modified multi-wavelength and the universal plots 
By means of example, the derivation of the different residual stress plots is explained for the 
100Cr6 rollers. Figure 4-106 shows the hkld  versus sin2ψ plots for the various hkl of ferrite, 
measured for the azimuth directions φ=0° and φ=90°.  
 
Figure 4-106. lattice spacing d over sin2ψ plots of azimuth direction φ=0° (solid marker) and φ=90° (hollow 
marker) for the different reflections of the major ferrite phase, 100Cr6, [112]. 
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Straight lines were fitted by linear regression through all data, thereby disregarding the obvious 
curvature in some of the plots, in particular those for the lower hkl, which are probed closest to the 
surface. This curvature is an indication that gradients occur in the lattice strain, because the 
weighted depth range decreases with increasing ψ-value. Qualitatively, this would imply that 
larger compressive stresses are observed closer to the surface. 
The modified multi-wavelength method was applied, where residual stress values are obtained 
according to equation 2.22 from the linear regression and plotted versus the average information 
depth τhkl according to equation 2.30. Each reflection hkl yields a stress value at the average 
information depth, resulting in a first approximation of the residual stress state; the corresponding 
plots are shown in Figure 4-107. Consistent with the curvature of lower hkl hkld  vs. sin2ψ plots 
(Figure 4-106) high compressive stresses are present close to the surface.  
The vertical axis labels PP 3311    and PP 3322    indicate that the stress values derived from 
the slope of the sin2ψ plot is strictly seen the difference between the in-plane stress component (σ11 
or σ22) and the out-of-plane component σ33 (normal to the sample surface). Thus, they represent 
only the stress values σ11 and σ22, if it is assumed that the boundary condition (σ33(z=0)=0) is 
fulfilled in the entire depth-range probed by the X-rays. High compressive stresses are found close 
to the surface, decreasing with depth and reaching values close to zero at around τ=90 µm. The 
absolute values of the compressive residual stresses are higher in the axial direction than in the 
hoop direction. 
Because hkld  versus sin2ψ plots of good quality were obtained it was possible to apply the 
universal plot method as well. From each pair of lattice spacings hkld 0  and 
hkld 90  in hoop φ=0° and 
axial φ=90° direction of the evaluated reflections hkl that do not show strong scattering or large 
error bars of the individual d-values, the stress components σ11 and σ22 are derived by the formalism 
described in equations 2.26- 2.29 and plotted versus the information depth τ, determined according 
to equation 2.25. The corresponding plots are displayed in Figure 4-108. 
The universal plot yields a more detailed picture of the in-plane stress depth profile than the 
modified multi-wavelength plot. Higher stresses are obtained at the surface than for the modified 
multi-wavelength method, both in hoop and axial direction. Another advantage is that detailed 
information is available and it is possible to estimate the real space residual stress depth profile, 
assumed to obey σ(z)=(a0+a1z)exp(-a2z). The Laplace transform (cf. equation 2.24) of σ(z) is 
described by σ(τ)=a0/(a2 τ +1)+ a1 τ/(a2 τ +1)2 and was fitted to the experimental data to obtain the 
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unknown coefficients a0…a2. The estimation of the stress profile in real space σ(z) is then obtained 
by substituting a0…a2 into σ(z). The residual stress in real space decreases at lower depths and in 
the case of the axial direction the existence of a balancing tensile stress is observed. 
 
Figure 4-107. Modified multi-wavelength plots for the residuals stress components in the hoop (σ11) and axial 
(σ22) direction of the flat roller made from 100Cr6 (Sample #1), from [112]. 
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Figure 4-108. Universal plots for the residuals stress components in the hoop (σ11) and axial (σ22) direction of 
the flat roller made from 100Cr6 (Sample #1), from [112]. 
The profiles σ(z) were now used to simulate hkld  versus sin2ψ data and compare the results of the 
simluation with experiental data in Figure 4-109. Excellent reconstruction of the experimental data 
is obtained for most hkl (except 222 and 441, which are the least accurate due to partial peak 
overlap and low intensity). Also the curvature is reproduced, thus confirming that it is indeed the 
consequence of a stress-depth profile. 
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In general the application of the universal plot method is strongly dependent on the data quality. 
Whenever possible, universal plots as well as modified multi-wavelength plots were obtained for 
the ten investigated rollers.  
 
Figure 4-109. Comparison of the experimental sin2ψ distribution with recalculated curves (solid lines) based 
on the residual stress depth profiles shown in Figure 4-108, [112]. 
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4.4.1.3 Chemical composition gradient analysis 
An example of the results of the scattering vector method performed to investigate the presence of 
a chemical composition gradient are shown in Figure 4-110 for the ferrite 211-reflection of the 
nitrided 15CrMoV5-9 flat roller (Sample #3).  
 
Figure 4-110. Depth-profiling in the scattering vector mode for the nitrided 15CrMoV5-9 roller (Sample #3), 
ferrite 211-reflection, measured in different ψ directions. The obtained values in the directions closest to the 
strain-free direction ψk are pointed out in the graph at the bottom, [112]. 
Since the E versus sin2η profiles show no trend of an increase/decrease in the investigated depth 
range, it can be concluded that no steep stress gradients are present. Also of the curves obtained at 
the ψ-angles closest to the strain-free direction ψk=41.47° (determined according to equation 2.23) 
it follows that no significant gradients in chemical composition are present within the depth range 
τmin - τmax. The scattering of the energy is in a range of ΔE≈ 10 kV that is a typical range of data 
scattering. These observations, shown for the ferrite 211-reflection were also made for sample #5 
(15CrMoV5-9 in non-nitrided condition) and sample #7 (34CrAlNi7 in nitrided condition). The 
conditions for the application of the sin2ψ based XSA techniques are fulfilled. [112] 
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4.4.1.4 Circumferential homogeneity of the residual stress state  
Residual stress profiles, both in hoop and axial direction, measured at four discrete points around 
the circumference of the roller made from 15CrMoV5-9 in nitrided condition (sample #3, cf. 
Figure 3-26) to investigate the dependence of the stress state on the measuring position were 
determined. In addition a measurement was conducted on sample #3 during one complete rotation 
of the roller axis. The measured data is consequently averaged over the whole circumference of 
the roller. In this geometrical set-up (cf. Figure 3-25) only the hoop stress component could be 
determined. For better comparability all profiles are plotted together in one graph for the hoop 
stress component and axial stress component in Figure 4-111 and Figure 4-112 respectively. 
The stress profiles showed a similar trend and level of residual stress and no significant differences 
between the four positions in the axial and hoop residual stress profiles were observed.  
 
Figure 4-111. Residual hoop stress profiles, measured at the distinct points A, B, C and D and during continuous 
rotation of sample #3 (15CrMoV5-9, nitrided condition). The evaluated reflections are labelled, [112]. 
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Figure 4-112. Residual axial stress profiles, measured at the distinct points A, B, C and D of sample #3 
(15CrMoV5-9, nitrided condition). The evaluated reflections are labelled, [112]. 
The residual stress state can be assumed to be uniform around the circumference of the rollers. For 
the similar experiments conducted on sample #1 and sample #5 the same observations were made. 
Figure 4-113 shows a comparison of the profile obtained during rotation and a profile obtained at 
a discrete point for sample #1 (100Cr6) and sample #5 (15CrMoV5-9 in non-nitrided condition).  
 
Figure 4-113. Comparison of the residual hoop stress profile obtained at a discrete point on the circumference 
and during rotation of the sample; a) Sample #1 (100Cr6) and b) sample #5 (15CrMoV5-9, non-nitrided 
condition), from [112]. 
  
4 Results
 
182 
4.4.1.5 The obtained residual stress profiles 
100Cr6 rollers 
Figure 4-114 and Figure 4-115 show the residual stress depth profiles obtained by the modified 
multi-wavelength and universal method for the flat and crowned roller made from 100Cr6. Up to 
10 reflections were used for stress state evaluations. Already in the first approximation of the 
modified multi-wavelength plot a stress gradient was identified in the information depth, both in 
axial and in hoop (circumferential) direction. Close to the surface compressive residual stresses 
(the minus sign indicates compressive stress) of about -800 MPa (hoop direction) and -1000MPa 
(axial direction) were found, decreasing with increasing information depth and reaching a level 
close to zero at depth of about 40 µm.  
 
Figure 4-114. Residual stress depth profiles of sample #1, flat 100Cr6 roller, ferrite reflections: a) Modified 
multi-wavelength plot of residual stress in hoop direction; b) Modified multi-wavelength plot in axial direction; 
c) Universal plot in hoop direction with Laplace profile (σ(τ), solid line) and real space profile (σ(z), dashed 
line); d) Universal plot in axial direction with Laplace profile (σ(τ), solid line) and real space profile (σ(z), 
dashed line), from [112]. 
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The universal plot gives more detailed information on the stress state. Here the maximum 
compressive stresses at the surface are shifted to higher values around -1000 MPa in hoop direction 
and up to -1500 MPa in axial direction. When the residual stress profiles in τ-space are transformed 
into stress profiles in real space by an inverse Laplace transformation, the profiles show a steeper 
decrease of the compressive stresses reaching zero at a depth around 20 µm. In the case of Figure 
4-114d and Figure 4-115c and d even the presence of small residual tensile stresses is observed 
after transformation to real space. Tensile stress values are expected to be present, because they 
compensate for the compressive stresses. Integration of all stresses over depth should in principle 
yield a net resulting stress value equalling nil.  
 
Figure 4-115. Residual stress depth profiles of sample #2, crowned 100Cr6 roller, ferrite reflections: a) 
Modified multi-wavelength plot of residual stress in hoop direction; b) Modified multi-wavelength plot in axial 
direction; c) Universal plot in hoop direction with Laplace profile (σ(τ), solid line) and real space profile (σ(z), 
dashed line); d) Universal plot in axial direction with Laplace profile (σ(τ), solid line) and real space profile 
(σ(z), dashed line), from [112]. 
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15CrMoV5-9 rollers 
The respective plots for the flat and crowned roller made from 15CrMoV5-9 in non-nitrided 
condition are shown in Figure 4-116 and Figure 4-117. A similar stress gradient as in the 100Cr6 
rollers was observed with compressive stresses close to the surface decreasing with depth and 
reaching values close to zero (>-200 MPa at depth about 20 µm). Compared to the 100Cr6 rollers 
the magnitude of the residual compressive stresses is lower both in hoop and axial direction. A 
slight difference between the flat and crowned roller was observed. In the flat roller a steeper 
gradient was identified.  
 
Figure 4-116. Residual stress depth profiles of sample #5, flat 15CrMoV5-9 roller in non-nitrided condition, 
ferrite reflections: a) Modified multi-wavelength plot of residual stress in hoop direction; b) Modified multi-
wavelength plot in axial direction; c) Universal plot in hoop direction with Laplace profile (σ(τ), solid line) and 
real space profile (σ(z), dashed line); d) Universal plot in axial direction with Laplace profile (σ(τ), solid line) 
and real space profile (σ(z), dashed line), from [112]. 
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Figure 4-117. Residual stress depth profiles of sample #6, crowned 15CrMoV5-9 roller in non-nitrided 
condition, ferrite reflections: a) Modified multi-wavelength plot of residual stress in hoop direction; b) Modified 
multi-wavelength plot in axial direction; c) Universal plot in hoop direction with Laplace profile (σ(τ), solid 
line) and real space profile (σ(z), dashed line); d) Universal plot in axial direction with Laplace profile (σ(τ), 
solid line) and real space profile (σ(z), dashed line), from [112]. 
Due to peak overlap and broadening of the diffraction lines instead of the 11 reflections used in 
non-nitrided condition, only six reflections were used to evaluate the stress state in nitrided 
condition and the plots showed substantial scattering (Figure 4-118 and Figure 4-119).  
However, significant differences were observed comparing the residual stress state in non-nitrided 
and nitrided condition. Again the highest compressive stresses were found at the surface and a 
slight increase of these stresses after nitriding was identified. More importantly the compressive 
residual stresses reached deeper into the material.  
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The compressive residual stresses do not decrease as much as in non-nitrided condition, but stay 
at a level of around -400 MPa within the information depth range investigated (~90 µm). It has to 
be mentioned that the information depth τ=0 is not necessarily at the roller surface in nitrided 
condition, but the depth where first ferrite is present and consequently can reflect the X-rays. A 
compound layer formed at the surface with a thickness of about 7 µm, determined by microscopy 
(Figure 4-63) of the samples during the nitriding experiments. Thus the reflections likely originate 
either from the ferrite region directly below the compound layer or from small ferrite particles 
inside the compound layer. Consequently, in the first case, the information depth would be slightly 
higher (about 7 µm). In the case of small ferrite particles the reflections should be interpreted with 
care as the stress state is influenced by the surrounding iron nitride phase. Thus the 110 reflection 
was excluded from fitting in nitrided condition. 
 
Figure 4-118. Residual stress depth profiles of sample #3, flat 15CrMoV5-9 roller in nitrided condition, ferrite 
reflections: a) Modified multi-wavelength plot of residual stress in hoop direction; b) Modified multi-
wavelength plot in axial direction; c) Universal plot in hoop direction with Laplace profile (σ(τ), solid line) and 
real space profile (σ(z), dashed line); d) Universal plot in axial direction with Laplace profile (σ(τ), solid line) 
and real space profile (σ(z), dashed line), from [112]. 
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Figure 4-119. Residual stress depth profiles of sample #4, crowned 15CrMoV5-9 roller in nitrided condition, 
ferrite reflections: a) Modified multi-wavelength plot of residual stress in hoop direction; b) Modified multi-
wavelength plot in axial direction; c) Universal plot in hoop direction with Laplace profile (σ(τ), solid line) and 
real space profile (σ(z), dashed line); d) Universal plot in axial direction with Laplace profile (σ(τ), solid line) 
and real space profile (σ(z), dashed line), from [112]. 
Additionally to the ferrite reflections the Fe4N reflections were evaluated for the 15CrMoV5-9 
rollers in nitrided condition. Equation 2.25 is just valid for an infinite thickness D and cannot be 
applied in case of a finite layer. Actually the maximum information depth for a finite layer is τ=D/2 
instead [122]. Also the stress profile σ(τ) cannot be straighforwardly converted to a real space 
profile σ(z) by inverse Laplace transform if the condition D→∞ is not valid for equation 2.24 
[123]. Therefore the stress values obtained from different reflections were not plotted versus the 
information depth. Instead they are given in Table 4-12 (flat roller) and Table 4-13 (crowned 
roller). They likely all originate from the same depth τ=D/2≈3.5 µm. It was revealed that in the 
Fe4N phase, i.e. in the compound layer close to the surface, compressive stresses exist of higher 
magnitude than in the diffusion zone (ferrite reflections). 
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Table 4-12. Residual stress values evaluated of the different reflections hkl of sample #3, flat 15CrMoV5-9 roller 
in nitrided condition, Fe4N reflections [112]. 
Reflection [hkl] 
Residual stress 
Hoop Axial 
110 -591 ±12 -579 ±13 
200 -719 ±16 -716 ±14 
220 -691 ±6 -703 ±9 
222 -676 ±9 -688 ±7 
 
Table 4-13. Residual stress values evaluated of the different reflections hkl of sample #4, crowned 15CrMoV5-
9 roller in nitrided condition, Fe4N reflections [112]. 
Reflection [hkl] 
Residual stress 
Hoop Axial 
110 -593 ±19 -579 ±13 
200 -719 ±28 -716 ±14 
220 -723 ±14 -703 ±9 
222 -707 ±12 -688 ±7 
 
  
4.4 X-ray stress analysis
189 
34CrAlNi7 rollers 
The residual stress profiles of the 34CrAlNi7 in non-nitrided condition are shown in Figure 4-120 
and Figure 4-121. A steep stress gradient as in the 100Cr6 rollers and the 15CrMoV5-9 rollers in 
non-nitrided condition was observed, reaching values close to zero (>-100 MPa) within the 
information depth range investigated. The magnitude of the compressive stresses near the surface 
is even lower than for the 15CrMoV5-9 rollers.  
 
Figure 4-120. Residual stress depth profiles of sample #9, flat 34CrAlNi7 roller in non-nitrided condition, 
ferrite reflections: a) Modified multi-wavelength plot of residual stress in hoop direction; b) Modified multi-
wavelength plot in axial direction; c) Universal plot in hoop direction with Laplace profile (σ(τ), solid line) and 
real space profile (σ(z), dashed line); d) Universal plot in axial direction with Laplace profile (σ(τ), solid line) 
and real space profile (σ(z), dashed line), from [112]. 
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Figure 4-121. Residual stress depth profiles of sample #10, crowned 34CrAlNi7 roller in non-nitrided condition, 
ferrite reflections: a) Modified multi-wavelength plot of residual stress in hoop direction; b) Modified multi-
wavelength plot in axial direction; c) Universal plot in hoop direction with Laplace profile (σ(τ), solid line) and 
real space profile (σ(z), dashed line); d) Universal plot in axial direction with Laplace profile (σ(τ), solid line) 
and real space profile (σ(z), dashed line), from [112]. 
As for the 15CrMoV5-9 rollers, fewer reflections were evaluated for the 34CrAlNi7 rollers in 
nitrided condition. The respective plots are shown in Figure 4-122 and Figure 4-123. After 
nitriding the compressive residual stresses reach deeper into the material; reaching a higher 
magnitude than for the 15CrMoV5-9 rollers. But in contrast to the 15CrMoV5-9 lower 
compressive stresses were observed very near at the surface and in the universal plot even tensile 
stresses were noticed.  
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Figure 4-122. Residual stress depth profiles of sample #7, flat 34CrAlNi7 roller in nitrided condition, ferrite 
reflections: a) Modified multi-wavelength plot of residual stress in hoop direction; b) Modified multi-
wavelength plot in axial direction; c) Universal plot in hoop direction with Laplace profile (σ(τ), solid line) and 
real space profile (σ(z), dashed line); d) Universal plot in axial direction with Laplace profile (σ(τ), solid line) 
and real space profile (σ(z), dashed line), from [112]. 
However, it has to be mentioned that the 110 reflection likely originates from a two phase region 
(Fe4N and ferrite) close to the surface. The formation of this phase at the surface branching deeper 
into the material (up to 35 µm, cf. Figure 4-64) was observed during microscopy of the nitrided 
samples. Therefore, the 110 reflections were again excluded from fitting in the universal plot in 
nitrided condition. 
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Figure 4-123. Residual stress depth profiles of sample #8, crowned 34CrAlNi7 roller in nitrided condition, 
ferrite reflections: a) Modified multi-wavelength plot of residual stress in hoop direction; b) Modified multi-
wavelength plot in axial direction; c) Universal plot in hoop direction with Laplace profile (σ(τ), solid line) and 
real space profile (σ(z), dashed line); d) Universal plot in axial direction with Laplace profile (σ(τ), solid line) 
and real space profile (σ(z), dashed line), from [112]. 
In the Fe4N phase, i.e. the white diffuse layer formed close to the surface (cf. Figure 4-64), 
compressive stresses were observed, as displayed in Table 4-14 and Table 4-15. They likely 
originate from a depth around τ=D/2≈17.5 µm. The stresses are of higher magnitude than in the 
Fe4N phase (i.e. the compound layer) in the rollers made from 15CrMoV5-9. 
Table 4-14. Residual stress values evaluated of the different reflections hkl of sample #7, flat 34CrAlNi7 roller 
in nitrided condition, Fe4N reflections [112]. 
Reflection [hkl] 
Residual stress 
Hoop Axial 
110 -862 ±10 -850 ±13 
200 -652 ±65 -746 ±50 
220 -921 ±21 -838 ±17 
222 -931 ±36 -350 ±559 
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Table 4-15. Residual stress values evaluated of the different reflections hkl of sample #8, crowned 34CrAlNi7 
roller in nitrided condition, Fe4N reflections [112]. 
Reflection [hkl] 
Residual stress 
Hoop Axial 
110 -902 ±10 -871 ±13 
200 -807 ±51 -850 ±64 
220 -949 ±17 953 ±21 
 
Summing up the observations and interpretation 
The following observations were made when studying and comparing the residual stress profiles: 
- The residual stress state in the flat and the crowned rollers did not differ significantly in all the 
material conditions. 
- In the ferrite phase of the rollers that had not been nitrided, high compressive stresses close to 
the surface were identified. With depth a rapid decrease was observed, in some cases even 
reaching zero within the information depth. The presence of these compressive stresses very 
close to the surface can most likely be attributed to the manufacturing process. By machining 
(turning, grinding and polishing) of the surface, deformation occurs and leads to the build-up 
of compressive stress at the surface that is balanced by tensile residual stresses deeper in the 
material. The stresses in axial direction are higher than in hoop direction and comparing the 
absolute residual stress levels of the three different materials yields: |σ100Cr6|> |σ15CrMov5-9|> 
|σ34CrAlNi7|. The higher stresses in axial direction are assumed to be the result of the specific 
machining process. The differences of the three materials can be attributed to the different 
mechanical properties and deformation behaviour of the materials (cf. section 3.1.2), leading 
to a different response to the machining.  
- For both nitriding steels, 15CrMoV5-9 and 34CrAlNi7, compressive residual stresses reach 
deeper into the material after nitriding. The build-up of compressive stresses is caused by the 
misfit of alloying element nitrides with the surrounding matrix (cf. [78]). The compressive 
stresses are at a higher level for the 34CrAlNi7 than for 15CrMoV5-9. This observation is in 
agreement with the hardness profiles recorded after nitriding, where higher hardness close to 
the surface was observed in 34CrAlNi7 (cf. Figure 4-62), indicating a larger contribution of 
misfit between precipitates and matrix  (because of more precipitates as well as a larger 
individual misfit of aluminium nitrides). 
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- In contrast to the 15CrMoV5-9 rollers, where an increase of the compressive stress close to 
the surface (110 reflections) was observed, in the 34CrAlNi7 a decrease of the compressive 
stresses and sometimes even tensile stresses very close to the surface were observed in the 
ferrite phase (110 reflections). For both materials, the stresses derived from the 110 reflection 
differ significantly from the stresses derived from the other reflections. That can potentially be 
attributed to the fact that they originate from a two phase region. For 15CrMoV5-9, where a 
distinct compound layer formed, the stresses could be attributed to very small ferrite particles 
that formed inside the compound layer. When looking at micrographs showing the 
microstructure of the case of 34CrAlNi7 samples after the nitriding treatment (cf. Figure 4-64) 
it is also obvious that at the depth where these stresses were determined, ferrite is not believed 
to be the major phase and just minor amounts of ferrite can be present, encapsulated by Fe4N. 
Tensile stresses in ferrite could be a consequence of the thermal misfit between ferrite and 
Fe4N, introduced on cooling after nitriding.  
- In both materials after nitriding compressive stresses higher than in the correspondent ferrite 
phase were observed in the Fe4N layer close to the surface. These stresses are mainly thermal 
stresses, formed during cooling due to the different thermal expansion behaviour of Fe4N and 
ferrite. 
4.4.2 XSA of the test rollers used at DTU4 
4.4.2.1 Diffraction patterns 
Figure 4-124 shows a characteristic energy-dispersive X-ray diffraction pattern of the investigated 
100Cr6 rollers. Compared to the diffraction patterns recorded in the investigations of the 100Cr6 
rollers used for RCF testing at nCATS with synchrotron radiation (see section 4.4.1.1, Figure 
4-103), the spectrum is shifted and compressed towards smaller energies, because a larger 2θ angle 
was applied for the measurements (2θ=20° instead of 2θ=16°). Also, in contrast to synchrotron 
radiation, here, where the conventional tungsten X-ray tube was used, the austenite peaks are too 
weak to be evaluated. 
                                                 
4 The subsequent presentation of the results of the X-ray stress analysis performed at the Helmholtz Zentrum Berlin 
is based on the internal REWIND report “Energy-dispersive X-ray residual stress analysis on roller bearing steel 
samples- Part 2: Tested structures” by Klaus, Michaelis and Genzel [115]. 
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Figure 4-124. Energy energy-dispersive diffraction pattern of the 100Cr6 steel roller, sample B25 (not tested), 
recorded at 2θ=20°, with indication of the ferrite (α) reflections that were taken into account for the residual 
stress measurements. 
4.4.2.2 The obtained residual stress profiles 
In this section the modified multi-wavelength plots for each pair of investigated rollers are 
presented. For a stepwise explanation of the derivation of the modified multi-wavelength plot from 
hkld  versus sin2ψ plots see section 4.4.1.2. The different axial positions on the raceway are 
compared. The obtained results for the untested and the two tested pairs are then compared and 
interpreted collectively at the end of this section.  
Pair #1, untested 
Figure 4-125 and Figure 4-126 show the residual stress depth profiles obtained by the modified 
multi-wavelength method for the flat (B25) and the chamfered roller (A23) in untested condition 
at the three different axial positions of the raceway. Eight different reflections hkl were evaluated, 
as labelled in the figures. Similar as for the previously investigated rollers of different design (cf. 
section 4.4.1.5, Figure 4-114 and Figure 4-115) a stress gradient was identified in hoop direction 
as well as axial direction. Between the three different measurement positions on the flat roller B25 
(Figure 4-125) no significant differences were identified. At the surface high compressive stresses 
were found, decreasing with depth and reaching values between 0 and -200 MPa within the 
4 Results
 
196 
maximum information depth (50 µm). The maximum compressive stress is higher in axial 
direction (about -1300 MPa) than in hoop direction (about -1100 MPa).  
 
Figure 4-125. Residual stress depth profiles of sample B25, flat 100Cr6 roller in untested condition, ferrite 
reflections, modified multi-wavelength plot of residual stress in hoop direction and axial direction for the three 
different positions on the raceway: left edge (L), centre (C) and right edge (R), evaluated reflections are labelled 
[115]. 
In contrast to the flat roller, differences between the three different positions were identified on 
the chamfered roller. On the left edge of the raceway significant lower compressive stress (~ -600 
MPa) was identified in hoop direction and deeper in the material even tensile stress was observed. 
However, in axial direction the lowest compressive stress maximum at the surface (~ -950 MPa) 
was found on the right edge. 
 
Figure 4-126. Residual stress depth profiles of sample A23, chamfered 100Cr6 roller in untested condition, 
ferrite reflections, modified multi-wavelength plot of residual stress in hoop direction and axial direction for 
the three different positions on the raceway: left edge (L), centre (C) and right edge (R), [115]. 
Pair #2, tested 
Figure 4-127 and Figure 4-128 show the residual stress profiles of the flat and chamfered roller 
that were tested on the RCF test-rig and experienced 24 million cycles without fracture. Compared 
to the untested rollers the maximum compressive stress close to the surface is lower in hoop (-350 
to -600 MPa) as well as axial (-900 to -950 MPa) direction. Furthermore the minimum stress 
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reached within the information depth is higher than for the untested rollers. In contrast to the 
untested rollers significant differences between the measurement positions were identified not only 
for the chamfered roller but for the flat roller as well. In hoop direction lower compressive stresses 
were observed at one edge, both for the flat roller (right edge) and the chamfered roller (left edge). 
The differences are more distinct in axial direction. In both rollers, the flat and chamfered, lowest 
compressive stresses were identified in the centre and highest stress at the left edge. 
 
Figure 4-127. Residual stress depth profiles of sample B27, flat 100Cr6 roller in tested condition (24 million 
cycles), not fractured, ferrite reflections, modified multi-wavelength plot of residual stress in hoop direction 
and axial direction for the three different positions on the raceway: left edge (L), centre (C) and right edge (R), 
[115]. 
 
Figure 4-128. Residual stress depth profiles of sample A22, chamfered 100Cr6 roller in tested condition (24 
million cycles), not fractured, ferrite reflections, modified multi-wavelength plot of residual stress in hoop 
direction and axial direction for the three different positions on the raceway: left edge (L), centre (C) and right 
edge (R), [115]. 
Pair #3, tested 
Figure 4-129 and Figure 4-130 show the residual stress profiles of the tested rollers B24 and A19. 
B24 experienced 12.5 million cycles and roller A19 fractured after 8 million cycles. Roller B24 
showed the lowest compressive stresses at the surface of the flat roller in hoop (-420 to -500 MPa) 
and axial (-330 to -670 MPa) direction and only in axial direction the differences between the 
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measurement positions are significant. For the chamfered roller that fractured (A19) the strongest 
differences of the stress values between the measurement positions were observed, especially in 
hoop direction, where the maximum compressive stress close to the surface varies between -290 
MPa (left edge) and -1200 MPa (right edge).  
 
Figure 4-129. Residual stress depth profiles of sample B24, flat 100Cr6 roller in tested condition (11.5 million 
cycles), not fractured, ferrite reflections, modified multi-wavelength plot of residual stress in hoop direction 
and axial direction for the three different positions on the raceway: left edge (L), centre (C) and right edge (R), 
[115] 
 
Figure 4-130 Residual stress depth profiles of sample A19, chamfered 100Cr6 roller in tested condition (8 
million cycles), fractured, ferrite reflections, modified multi-wavelength plot of residual stress in hoop direction 
and axial direction for the three different positions on the raceway: left edge (L), centre (C) and right edge (R), 
[115]. 
Comparison of untested and tested rollers 
Figure 4-131 and Figure 4-132 show exemplary the residual stress profiles at the centre position 
of the flat and chamfered rollers that experienced different number of cycles during testing.  
A decrease of the high compressive stresses close to the surface after testing can be observed in 
both rollers and in hoop as well as in axial direction. Deeper in the material, around the maximum 
information depth of 50 µm, a small increase of the compressive stresses, is observed in hoop 
direction of the flat rollers, but especially in both hoop and axial direction for the chamfered roller 
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that experienced the highest number of rolling cycles. The fractured chamfered roller showed 
lower compressive stresses that could be explained by stress relieve due to the fracture. 
 
Figure 4-131. Residual stress depth profiles of the flat100Cr6 rollers in, untested and tested condition: 11.5 and 
24 million cycles, ferrite reflections, modified multi-wavelength plot of residual stress in hoop direction and 
axial direction for the centre position on the raceway, [115]. 
 
Figure 4-132. Residual stress depth profiles of the chamfered 100Cr6 rollers in, untested and tested condition: 
8 (fractured) and 24 million cycles, ferrite reflections, modified multi-wavelength plot of residual stress in hoop 
direction and axial direction for the centre position on the raceway, [115]. 
The maximum compressive stress (found close to the surface) and the compressive stress (or 
maximum tensile stress) found at the maximum information depth about 50µm) of all stress 
profiles are listed in Table 4-16. Looking at all three axial measurement positions differences can 
vary from roller to roller and from position to position.  
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Table 4-16. Highest and lowest residual stress values of the modified multi-wavelength plots of all investigated 
rollers. 
Roller Condition 
Number 
of 
cycles 
[million]
Position 
Hoop stress [MPa] Axial stress [MPa] 
Max Min Max Min 
B25 (flat) 
Pair #1, 
untested 
- 
L -1100 -100 -1300 -100 
C -1050 0 -1300 -100 
R -1100 -100 -1300 -200 
A23 (chamfered) 
Pair #1, 
untested 
- 
L -600 100 -1250 -100 
C -800 -20 -1300 0 
R -950 -200 -950 -100 
B27 (flat) 
Pair #2, 
tested 
24 
L -650 -250 -950 -600 
C -650 -100 -900 -100 
R -350 -100 -900 -250 
A22 (chamfered) 
Pair #2, 
tested 
24 
L -300 -20 -950 -480 
C -650 -200 -700 -180 
R -700 -250 -900 -180 
B24 (flat) 
Pair #3, 
tested 
11.5 
L -420 -220 -670 -390 
C -500 -190 -330 100 
R -500 -150 -500 -110 
A19 (chamfered) 
Pair #3, 
tested & 
fractured 
8 
L -290 200 -590 0 
C -500 100 -450 70 
R -1200 -200 -600 80 
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Summing up the observations and interpretation 
Studying Table 4-16 and comparing the determined residuals stress profiles the following 
observations were made: 
- After testing the maximum compressive stress level at the surface is decreasing, where the 
lowest level was found in Pair #3. However it was observed that at higher depth there is 
the tendency towards higher compressive stresses after testing, in hoop as well as axial 
direction. This observation is in agreement with findings reported in literature that during 
RCF, the high compressive stresses at the surface due to machining will slightly decrease 
and that compressive stresses will develop in circumferential (hoop) as well as axial 
direction, with a maximum at the depth of maximum shear stress or von Mises stress [10], 
[26], [30]. The decrease of near surface compressive stresses, present in all rollers prior to 
testing due to the fabrication process, could be explained either by a certain amount of wear 
at the surface; thus the region of highest surface stress is removed or dynamic recovery due 
to the deformation. The build-up of compressive stresses can be explained by the induced 
stress that is locally exceeding the yield strength (micro yield). This will lead to local 
plastic deformation and the formation of compressive residual stresses. Furthermore, 
decomposition of retained austenite could contribute to the compressive residual stress 
state (cf. section 2.1.5.3). 
 
- The only roller that showed no dependence of the stress state on the measurement position 
was the flat roller in untested condition (B25). The chamfered untested roller shows 
differences between the positions pointing at a non-uniform effect of the machining of the 
chamfer (turning, grinding and polishing) on the residual stress state.  
 
- After testing a non-uniform stress state between the three different measurement positions 
was observed, both in the chamfered rollers and in the flat rollers. Not only the edges differ 
from the centre, but no symmetry was observed concerning the edges. An explanation 
could be non-uniform loading during the RCF tests. It should be mentioned that also during 
microscopy of the fracture surface it was often found that the fracture initiated in a near-
surface area below one of the edges of the chamfer, pointing at local stress concentrations. 
However, the analysis of the stress distribution during RCF testing was not part of this 
study. 
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4.4.3 Discussion 
By non-destructive X-ray diffraction stress analysis information about the residual stress state 
below the surface in hoop and axial direction was gained. The achieved information depth by 
synchrotron X-ray diffraction was up to 90 µm and at least up to 50 µm with the conventional 
tungsten X-ray tube. The limited information depth defined by the penetration of X-rays into the 
material did not completely cover the sub-surface region where WECs are found and that is 
affected by the deep nitriding treatment. However, it was still possible to identify clear tendencies 
and characteristics. 
In manufactured condition (non-nitrided and not tested) for both investigated roller designs (used 
for the RCF tests described in sections 3.5.1 and 3.5.2 ) compressive stresses at the surface were 
identified, attributed to the manufacturing process (heat treatment and machining).  
The roller design used in RCF testing at nCATS did not show significant differences between the 
flat and crowned roller for any of the investigated materials (100Cr6, 15CrMoV5-9 and 
34CrAlNi7) and conditions (non-nitrided and nitrided). To counteract crack initiation and 
propagation during rolling contact the build-up of compressive stresses during nitriding, caused 
by misfit of alloying element nitrides was desired. For the nitrided rollers, in both steel grades, the 
desired build-up of compressive stresses was confirmed within the information depth. In 
agreement with previously measured hardness and nitrogen concentration profiles, higher 
compressive stresses were identified for 34CrAlNi7 than for 15CrMoV5-9. The residual stresses 
determined by ferrite reflections close to the surface in nitrided condition have to be interpreted 
with care as the evaluated ferrite reflections originate from a region where the stress state is 
influenced by the presence of a (iron nitride) compound layer (15CrMoV5-9) or a two-phase 
region (iron nitride and ferrite, 34CrAlNi7). However, the observation of tensile stresses in the 
ferrite phase and compressive stresses in the Fe4N phase close to the surface could indeed indicate 
the presence of local stress heterogeneities in the branched regions of the 34CrAlNi7 rollers. 
During loading, these local stress gradients could then lead to cracking and early failure as it was 
observed during the RCF testing. 
The other roller design, tested at DTU Mechanical Engineering, showed a non-uniform stress state 
after testing. Especially at the edges of the contact area differences were identified. During 
fractography and microstructural investigations crack initiation and WEC formation were also 
preferably observed below the raceway edges. Stress concentrations at these edges due to the roller 
geometry and/or a non-uniform loading could lead to the non-uniform stress state determined by 
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XSA and indicated by the identified crack initiation sites. This could also explain why the 
uncharged roller failed earlier than failure due to classical rolling contact fatigue would be 
expected. At higher depths a tendency towards higher compressive stresses was observed, as 
compared to untested rollers. Local micro yield and plastic deformation as well as phase 
transformations are possible causes. 
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5 Summary 
In this work, the premature failure of bearings in the wind turbine drivetrain associated with WECs 
that cannot be predicted by classical RCF fatigue lifetime models was studied. A literature review 
on this failure mode was conducted and the existing WEC root cause hypotheses and suggested 
WEC formation mechanisms were presented. So far there is no consensus on the topic and the 
exact mechanisms and the interaction of different drivers of WEC formation are not completely 
understood. Both surface and/or subsurface initiation are reported and it is likely that the exact 
crack initiation site and propagation mechanism depend on the material microstructure and 
residual stress state as well as the exact load and environmental conditions. Likely, different 
drivers behind WEC formation act in combination and more than one combination can lead to 
failures fitting into the (broad) category WEC failure. There is a clear and proven influence of the 
presence of hydrogen but to what extent hydrogen plays a role in the real field application during 
service remains unanswered, due to the difficulty in actually measuring it.  
The failure analysis of field components (two case studies) showed premature failures that differed 
from each other, although WECs had formed in the inner rings of both bearings. In the first case 
study a failed high speed shaft bearing made from martensitic hardened 100Cr6 steel showed 
spallation damage on the inner ring and the WECs were inclined about 20° to the raceway surface. 
Together with the observation of inclusions along the cracks it is suggested that these WECs could 
have developed from butterflies and the crack propagation is governed by the Hertzian stress field, 
in particular the maximum (unidirectional) shear stress. The root cause of the failure is believed to 
be an overload experienced by the bearing’s inner ring. In the second case study a double-row 
tapered roller bearing from the intermediate speed shaft inside a gearbox was investigated showing 
several axial cracks on the raceway. The radial inward propagating cracks were not bordered by 
WEA but WECs were found close to two cracks. This failure mode has been described as a typical 
WEC failure of martensitic hardened bearings [6], [9], [10]. Luyckx [6] suggested that an impact 
load is causing cleavage fracture under tensile stress and further crack growth under tensile and 
shear stress. However, in the cross sections that were investigated most of the axial cracks were 
not directly related to any white etching cracks, thus it is possible that the WECs developed 
independently or as a secondary effect of the damage in the bearing. Because of the limited 
investigations this could not be confirmed. To understand the typical WEC failure for martensitic 
hardened bearings further investigations are necessary. 
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The additional representative samples from bearings that experienced flaking at the raceway were 
investigated by the complementary use of RLM, SEM, TEM; EBSD and ICCI. By the 
complementary use of these techniques it was possible to get a complete picture from the overall 
crack morphology to fine details inside the WEA. WEC networks and smaller features resembling 
butterflies were identified in the subsurface region up to a depth of 1 mm. Inclusions along the 
WEC networks were identified. The WEA is of similar morphology in both butterflies and WECs. 
It is likely that the formation mechanism is of similar nature and butterflies can potentially evolve 
into larger WEC networks. It was found that the cracks propagate in a transcrystalline manner and 
that the microstructural changes were limited to a very local area around the cracks. The important 
role of carbides in the WEA formation was confirmed as carbides in an early stage of dissolution 
were identified and (carbon) and chromium rich regions were observed inside the WEA. It is 
suggested that carbides are plastically deformed, gradually dissolved and that carbon and 
chromium are eventually redistributed in the WEA. Inside the WEA linear features parallel to the 
crack were found that are interpreted as residual traces of an opening and closing mechanism of 
the crack and repetitive material transfer between the crack borders forming the WEA, a 
mechanism originally proposed by Vegter and Slycke [8]. 
By RCF testing of hydrogen charged samples it was possible to reproduce WECs. The size of the 
crack bordering WEA was related to the number of cycles that the rollers had experienced. It is 
suggested that with each cycle, there is an incremental increase of WEA, due to continued plastic 
deformation and material transfer between the crack faces, the mechanism that was suggested as 
an interpretation of the linear features found during field component investigations. The number 
of cycles to failure decreased as the tensile hoop stress was increased; underlining the detrimental 
effect of tensile stresses introduced by interference fit. A preferred crack initiation at the edge of 
the contact area (raceway) was identified indicating stress concentrations during testing. A non-
uniform residual stress state was also confirmed by XSA of the tested rollers. XSA of the near-
surface residual stress state also revealed the build-up of compressive stresses during testing due 
to micro-yield and plastic deformation or phase transformations. The uncharged roller that was 
exposed to four times more cycles failed earlier than failure due to classical rolling contact fatigue 
would be expected, potentially due to the applied hoops tress or the non-uniform stress state. 
However, no WEA was found at the crack networks that were observed. This supports the 
hypothesis that hydrogen promotes WEA formation. 
Based on the knowledge of WEC formation drivers, thermochemical surface engineering, in 
particular deep nitriding was regarded as a potential remedy of WEC failure. By nitriding 
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experiments, conducted on four different nitriding steels, nitriding parameters were determined for 
providing optimum desired case properties: a thin non-porous compound layer that could improve 
wear resistance and help to limit potential hydrogen penetration, as well as a nitriding depth of up 
to 800 µm, approximately covering the depth range of maximum Hertzian stress and WEC 
formation. A surface hardness above the recommended minimum surface hardness for bearings 
application was achieved, while maintaining a good core toughness. The build-up of compressive 
stresses was confirmed by synchrotron X-ray diffraction in the information depth up to 90 µm. 
Before RCF testing the formation of grain boundary carbides/nitrides was considered as a potential 
weakness and crack initiation site. A prior heat treatment in reducing atmosphere is suggested as 
a measure to reduce their formation. By RCF testing of nitrided rollers under conditions that are 
known to provoke WEC failure neither WECs nor crack initiation at inclusions or at the grain 
boundaries that were potentially weakened due to carbide/nitride precipitation were found. The 
15CrMoV5-9 rollers showed neither debonding of the compound layer nor cracks inside the layer. 
In contrast, cracks and small spallations were found at the surface of the 34CrAlNi7 rollers. The 
cracks formed in the two phase region of iron nitride and ferrite, potentially because of stress 
heterogeneities introduced indicated by the XSA results. The results are promising, especially for 
the 15CrMoV5-9 steel, however, further investigations and optimization of the nitriding procedure 
are necessary to evaluate the performance.  
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6 General discussion and outlook 
Failure analysis of field components 
In order to get a better understanding of WEC failure, different prematurely failed bearings from 
wind turbine drivetrains were investigated. Different modes of bearing failure were identified 
concurrently with the identification of WECs. It is postulated that the different root causes, drivers 
and initiation sites (subsurface or (near-) surface) suggested in literature, all can lead to possible 
failure scenarios associated with WEC formation, dependent on the bearing material and the exact 
service conditions.  
In the present work, conclusions on the exact initiation site, root cause and WEC formation drivers 
were difficult to draw as the exact service conditions of the investigated field components were 
not known precisely prior to the failure analysis. For example no detailed information on the load 
history and if the bearings had experienced transient events as for instance impact loads or stray 
currents was available. It was furthermore not known if and to what extent the bearings were 
exposed to hydrogen penetration. To get a better understanding of the exact influence of different 
drivers and their combinations during service, this knowledge is essential. Better monitoring of 
these drivers during service and accessibility to the data is necessary for fully analysing the root 
cause of failed wind turbine components, especially since WECs have been provoked in laboratory 
settings using different combinations of drivers. A closer collaboration with wind turbine operators 
and/or manufactures in this respect would benefit future investigations.  
However, important observations were made by the complementary use of microscopic techniques 
to investigate the formed WECs. The observations included transcrystalline crack propagation, 
evidence for carbide dissolution and subsequent redistribution of carbon and chromium as well as 
indications supporting a cyclic mechanism for WEA formation at the crack borders. Based on the 
observation of butterflies evolving further into the matrix and the similarity of WEAs in butterflies 
and WECs, the hypothesis that butterflies can develop into WECs was supported.  
ICCI in combination with EBSD proved itself a useful tool for investigating the WECs. In future 
investigations some of the limitations of the ICCI technique could be overcome by the use of 
ECCI, electron channelling contrast imaging, a technique where orientation contrast imaging can 
be done on interactions with the electron beam instead of the ion beam. This limits or completely 
eliminates the beam induced microstructure changes that limit observation time and magnification 
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for ICCI. Equipment allowing ECCI investigations has recently been installed at the Center of 
Electron Nanoscopy at DTU, but was not available at the time of present investigations. 
RCF testing to reproduce WECs 
A test-rig was successfully developed at DTU Mechanical Engineering that made it possible to 
reproduce WEC failure under conditions similar to those in the field. This development allowed 
for analysis of WECs that formed under known conditions. WECs only formed in the rollers that 
were previously charged with hydrogen, confirming that hydrogen promotes the WEC formation 
(similar to studies found in literature). In the field, hydrogen can potentially arise from lubricant 
breakdown and/or water contamination. As mentioned before, even though it is difficult, efforts 
should be made to prove hydrogen presence in the field and, based on this knowledge, tests could 
be developed where hydrogen penetration during the testing is simulated, eliminating the need for 
hydrogen charging. To investigate the role of hydrogen it would also be necessary to develop a 
method to measure and/or monitor hydrogen content in the material. In the current work the 
microstructure of failed rollers was only investigated in a limited number of cross sections. To get 
a complete three dimensional picture of the crack morphology, serial sectioning is recommended 
for future failure analysis. In addition, microscopic techniques as ICCI that showed its applicability 
to gain additional information in the field component analysis should be applied to the laboratory 
tested samples.  
During the RCF tests a detrimental effect of hoop stress on fatigue life was confirmed; however, 
it could not be directly related to WEC formation. Furthermore, the development of the test-rig 
allows for RCF tests in the future to analyse different drivers of WEC formation by adapting the 
testing conditions based on knowledge gained on the service conditions in the field. In addition, it 
can be used to study the performance of alternative materials and surface engineered components 
compared to currently used materials.  
Thermochemical surface engineering  
By nitriding experiments, nitriding conditions (including nitriding temperature, time and potential) 
were determined that resulted in a case microstructure that is believed to potentially counteract 
WEC formation. The properties include a sufficient surface hardness while maintaining good core 
toughness, a nitriding depth up to 800 µm without the formation of a thick and porous compound 
layer and the build-up of compressive stresses (confirmed by XSA in a depth up to 90µm). 
Differences in the compound layer formation were identified between alloys with and without Al 
as an alloying element. During the RCF tests at nCATS under conditions that are known to provoke 
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WEC formation in a standard bearing steel, the Al-alloyed steels were disqualified for bearing 
application (under the current nitriding conditions) because they failed as a consequence of the 
formation of a two-phase region at the surface, leading to stress gradients parallel to the surface 
and local stress components in the direction parallel to the surface normal of the component. Stress 
heterogeneities near the surface were indeed indicated by the XSA results. In contrast the uniform 
compound layer developing on the 15CrMoV5-9 rollers showed no debonding or cracking during 
testing. Therefore, the further study and future development of this steel grade, or other grades 
leading to a similar morphology, is suggested. However, for verification of the test results further 
repetitive tests under the same conditions are necessary. In addition the different effects of 
hydrogen charging on the different materials need to be studied, i.e. by determination of the 
hydrogen content in the nitrided rollers and comparison to the standard trough hardening steel. 
This is essential to understand how the surface engineered material is performing compared to the 
standard bearing material. It is also suggested to apply other testing conditions that are known to 
provoke WECs, for instance transient load conditions, to evaluate the performance of the nitrided 
rollers exposed to other WEC formation drivers. The performance of the surface engineered rollers 
could in addition be evaluated under other conditions suspected to promote WEC failure as 
aggressive lubricant, increased wear (for instance by particle contamination of the lubricant), 
impact loads, slip or electrical influences. Based on the gained findings, the nitriding process could 
then be further optimized to get a tailored microstructure in the case. 
X-ray stress analysis 
X-ray stress analysis showed that important information about the near surface stress state (up to 
90 µm) could be obtained. This information could be directly related to and help to explain the 
obtained testing results, both of the RCF tests at DTU Mechanical Engineering to reproduce WEC 
failure as well as the RCF tests of nitrided rollers at nCATS. However, as it is desired to know the 
residual stress state up to depth of 1 mm, i.e. the depth of maximum Hertzian stress where WECs 
were found, X-ray stress analysis could be combined in the future with neutron diffraction stress 
analysis, allowing investigations of the stress state in much higher depths to overcome this 
limitation.  
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1Laboratory Simulation of  Rolling Contact Fatigue Cracks in Wind Turbine 
Bearings Using Hydrogen Infused 100Cr6 Bearing Steel 
 
S. Janakiraman1*,O. West1, P. Klit1, N. S. Jensen 1 
1Technical University of Denmark, Nils Koppels Alle, bld. 404, 2800 Kgs. Lyngby, Denmark. 
 
 
 
Abstract 
 
Premature fatigue failure is observed in rolling element bearings used in wind turbine components. It is 
believed that decomposed hydrogen from the lubricant diffuses into the surface of the bearing inner ring 
making it susceptible to failure. An attempt is made to simulate the formation of these cracks by accelerated 
laboratory tests. Hydrogen is artificially infused into the surface of ring specimens and the rings are then press 
fit onto shafts. This introduces a tensile Hoop Stress in the rings. The rings are then run against each other 
until fracture of one of the rings is observed. Preliminary test results show a failure characteristics similar to 
those observed in the inner rings of rolling element bearings used in service. 
 
Keywords: Rolling Contact Fatigue, bearing failure, hydrogen charging, white etching areas, 100Cr6 steel. 
 
*Corresponding author: Shravan Janakiraman (shja@mek.dtu.dk). 
 
 
1. INTRODUCTION 
 
Rolling element bearings used in wind turbine drive 
shafts experience premature rolling contact fatigue 
failure (RCF). These bearings are usually press-fit onto 
the shaft. This gives rise to a compressive radial stress 
and a tensile Hoop stress on the inner ring of the 
bearing. It is believed that diffusion of hydrogen from 
the lubricant plays a crucial role in their failure. 
Kohara et al., [1] conducted tests to conclude that the 
decomposition of the lubricant causes hydrogen to 
infuse into the fresh steel surface. Clark [2] states that 
the time for crack initiation decreases with the addition 
of a tensile Hoop Stress. Clark predicts that at a max. 
Hertzian radial stress of about 2GPa and a tensile 
Hoop stress of about 350GPa, the endurance life of the 
bearing is decreased by 88% compared to a bearing not 
under the influence of a Hoop Stress. Clark expects the 
crack initiation to occur in Mode I near the surface and 
change to Mode II as the circumferential stress decays. 
Czyzewski [3] modeled the effect of an applied Hoop 
Stress due to an interference fit. He estimated a 
maximum reduction in fatigue life of 98 %. White 
Etching Areas or Cracks (WEA/WEC) are a 
characteristic feature of failed bearings in wind 
turbines. Uyama [4] et al. conducted RCF tests on 
hydrogen infused bearing steel samples  and observed 
that the fatigue life of these samples was shorter than 
the life of the uncharged samples. They also supposed 
that the basic role of hydrogen in these RCF tests is to 
localize plasticity. Evans [5] et al. conducted similar 
tests to study the white etching areas (WEA) formed 
subsurface in the test samples. They concluded that the 
WEA were initiated at inclusions. Evans also 
concluded that a certain threshold quantity of 
hydrogen, coupled with a maximum Hertzian stress 
value and number of cycles was necessary for the  
formation of WEA. Neither Uyama nor Evans applied 
any tensile Hoop Stress to their test specimens during 
the course of the experiments. Neither Czyzewski nor 
Clark studied the effects of the addition of hydrogen to 
the 100Cr6 bearing steels. 
 
2. EXPERIMENTAL SET-UP 
 
The test rig consists primarily of two drive shafts and a 
hydraulic cylinder (Fig. 1). One test ring is mounted 
on each shaft respectively. The two ring surfaces are 
brought into contact against each other by applying a 
normal load, using a hydraulic cylinder. The rings 
have a conical bore, fitting on a corresponding conical 
shape on the shafts. The contact pressure between the 
ring and shaft is controlled by the axial positioning of 
the ring on the shaft. Each drive shaft is capable of 
rotating at frequencies between 0-50Hz. There is a 
provision for relative slip between the two rings when 
the two shafts rotate at different frequencies 
respectively. Hence it is possible to create conditions 
of rolling and sliding. 
 
An inlet resting above the contact between the two 
rings allows for the lubricant to flow into the contact. 
A torque transducer is attached to drive shaft 2, so the 
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interfacial torque generated between the two surfaces 
during slip can be measured. 
 
 
 
Figure 1: Schematic of the Test Rig. 
 
The rings have an outer diameter of 70mm. One of the 
rings has a chamfered surface with an axial width of 7 
mm. The angle of chamfer is 10 degrees. The opposing 
ring is unchamfered and has an axial width of 10mm. 
 
The rings are through hardened, martensitic 100Cr6 
bearing steel. 
 
3. EXPERIMENTAL METHOD 
 
Two rings are immersed in a 20% by weight aqueous 
solution of Ammonium Thiocyanate for 48 hours at 
50º C. This process diffuses hydrogen into the rings. 
The quantity of hydrogen in the rings is not measured 
in this paper. Since Evans [5] observes that an 
increased quantity of hydrogen causes the WEA to be 
formed closer to the rolling surface, it is believed that 
the quantity of hydrogen beyond a certain threshold 
ppm value, does not change the mode of failure, but 
only changes the depth at which the WEA are formed. 
 
The rings are removed from the solution after 48 
hours, cleaned using ethanol and water and then 
slightly buffed to remove any oxidation layer on the 
surface. 
 
Each ring is then press-fit mounted on a shaft and the 
process is completed when the outer diameter of each 
ring measures a certain pre-determined value that 
corresponds to a tensile Hoop Stress of 350MPa in the 
inner diameter and a compressive radial stress of 110 
MPa. Once the rings are mounted on the shaft, the 
shafts are aligned as shown in (Fig. 1), so as to 
develop a line contact between the two rings. 
 
The lubricant inlet is turned on and the shafts are then 
run at a frequency corresponding to the required inlet 
lubricant velocity. No load is applied at this time. A 
normal load is then gradually applied through the 
hydraulic cylinder. The loading is stopped when the 
required loading condition has been reached. The two 
shafts are run at a frequency very close to each other, 
so as to achieve conditions as close as possible to pure 
rolling. These test conditions are kept constant until 
the conclusion of the test. 
 
The test is stopped when one of the rings develops a 
surface crack. Since there was no access to instruments 
that could check for in situ crack formations, the tests 
are run until visible surface cracks were generated. 
When the surface of either ring cracked, both the rings 
are dismounted from the shaft. The cracked ring is 
then sectioned to be observed under a microscope. 
 
The fracture surfaces and the axial cross sections of the 
through cracked rings are observed by Reflecting Light 
Microscopy (RLM) microscope and Scanning Electron 
Microscopy (SEM). Three axial cross sections are 
prepared by making cuts parallel to the over-rolling 
direction from each ring around the area of the crack 
(Fig. 2).  
 
The cross sections are studied to understand the failure 
mechanism. 
 
 
 
 
Figure 2 : Stereomicroscope image of the fracture surface 
of ring B1 
 
A cut is made along the red line in (Fig. 2) and the 
sample is mounted. The specimen is then ground and 
polished, with material removed in the axial direction, 
until faces close to the crack are reached. White 
Etching Areas are usually observed in these axial cross 
sections. However, there may be some cross sections 
where the white areas might not be found as the total 
number of WEA can be small. Thus, the probability of 
finding a White Etching Area close to a crack 
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increases with increasing number of axial cross 
sections studied. 
 
4. RESULTS & DISCUSSION 
 
Table 1: Number of cycles to failure for each ring pair. 
 
Ring Pair Cycles to Failure 
(million) 
A1 – B1  13  
A2 – B2  11 
A3 – B3 26 
A4 – B4 11.5 
 
 
The number of cycles to failure for each ring pair are 
shown in Table 1. 
 
Of each ring pair that is tested, the test is stopped as 
soon as one of the rings fractured. The ring that is not 
fractured is not tested further to develop any surface 
cracks. 
 
 
 
 
Figure 3 : Axial crack on ring B1. 
 
 
 
 
Figure 4: Stereomicroscope images of the fracture surface 
of ring B1 
 
(Fig. 3) and (Fig. 4) show the fracture surfaces of the 
ring B1 that fractured after 11 million cycles. A cross 
section is defined as circumferential if the normal to 
that cross-sectional plane is pointed in the 
circumferential direction.  
 
 
 
 
Figure 5: Stereomicroscope image of the fracture surface of 
the ring A2 
 
(Fig. 4) and (Fig. 5) shows a resemblance to the 
fractured sample in the ball bearing fatigue test 
conducted by Clark [2]. The fracture surface shows a 
difference in texture between the top and bottom of the 
specimen. The rough, rounded portion close to rolling 
surface appears to have fractured by fatigue while the 
smooth lower portion appears to have fractured in a 
brittle manner. 
 
 
  
 
Figure 6: Axial crack on the inner ring of a bearing from 
service 
 
(Fig. 6) shows multiple axial cracks on the inner ring 
of a tapered roller bearing from service. The bearing 
was positioned on the shaft at the intermediate stage 
inside the gearbox of a wind turbine. The gearbox 
belonged to a 2.3 MW turbine. The material is a 
through-hardened martensitic bearing steel. This 
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material is similar to the material of the test ring 
specimens used for testing. These cracks look similar 
to the axial crack on the surface of the ring B1 (Fig. 3). 
The failed bearing inner ring from service are 
sectioned, polished, etched and viewed under a 
microscope. Their failure characteristics are then 
compared to the failure characteristics in the laboratory 
simulated RCF rings. 
 
 
 
 
Figure 7: RLM image of a nital etched axial cross section 
(cut parallel to the over-rolling direction) showing a White 
Etching Area(WEA) around a crack in the inner ring of the 
bearing.  
 
(Fig. 7) shows a characteristic WEA around a crack in 
an axial cross section of the bearing inner ring surface. 
It has been suggested by Kino et al., [6] that hydrogen 
plays a role in the formation of these WEA. Uyama [6] 
studied these WEA using a Transmission Electron 
Microscope (TEM) and observed that the white 
structure consisted of an ultra fine grained structure. 
He further suggested that the localized microstructural 
changes are caused by the hydrogen and hence 
supposed that the basic role of hydrogen is to localize 
plasticity. 
 
(Fig. 8) shows a WEA found in an axial cross section 
near a crack formed subsurface. This crack is less than 
20 microns from the rolling surface. This is believed to 
be because raised levels of hydrogen closer to the 
rolling surface, weaken the material and make it more 
susceptible to crack initiation. Evans [5] showed that 
decreasing the levels of hydrogen artificially infused in 
the surface of the ring causes these cracks to be formed 
much further away below the rolling surface. 
 
(Fig. 8) shows a highly magnified SEM image of the 
WEA. The light triangular shaped region within the 
red dotted circle is suspected to be a deformity like an 
inclusion or a void formed at the location of a former 
inclusion, just like Evans [5] had predicted, although 
not yet confirmed by performing EDAX studies. The 
shape of the crack also seems to resemble the butterfly 
cracks described by Evans in the same paper. 
 
 
 
Figure 8: WEA found near a crack on the failed lab 
specimen  B2 
 
 
 
 
Figure 9: SEM image of the WEA around the crack 
 
 
(Fig. 3) and (Fig. 8) also show pitting on the surface of 
the test specimen. Pitting could occur due to the 
presence of small solid contaminants in the lubricant, 
or due to a subsurface cracks growing to the surface. 
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The surfaces of the test specimens are also not highly 
polished mirror surfaces. The Ra for these test rings is 
approximately 0.15 microns. This could lead to a 
mixed lubrication regime in certain phases of the tests, 
leading to metal on metal contact and hence removal 
of surface material. The primary reason for pitting in 
these set of fatigue tests in not known and needs to be 
studies further. 
 
The microscopic studies however do not conclusively 
prove as to whether the cracks are surface initiated 
cracks or if the cracks are initiated subsurface. 
 
5. CONCLUSIONS 
 
The preliminary microscopy studies have shown 
encouraging results with regards to simulating the 
cracks found in wind turbine bearing, in the lab by 
conducting RCF tests . Axial cracks are formed on the 
test specimen, leading to failure. These are similar to 
cracks found on the inner ring of the bearing from 
service. Light Optical Microscopy and SEM studies 
have shown the presence of the characteristic WEA in 
the test rings. These WEA are similar to the WEA 
observed in the axial cross sections of the inner ring of 
the bearing from service. The presence of a WEA 
close to the rolling surface (< 25 microns) indicates a 
high quantity of hydrogen supplied to the test 
specimen during the hydrogen charging process.  It is 
still not confirmed whether the cracks initiate 
subsurface or at pitting sites on the rolling surface. 
Further samples need to be sectioned and studied to 
understand if the cracks initiate subsurface.  
 
The test rig has shown the capability to simulate 
characteristic failure features observed in cracked 
bearing specimens, through accelerated RCF tests. 
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